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Introduction
1.1 Trace gas detection 
The air in the atmosphere is a mixture that normally consists of nitrogen 
(78.09 %), oxygen (20.95 %), argon (0.93 %), CO2 (0.03 %), neon (18 · 10-4 % = 18 
part per million volume: ppmv), helium (5.2 ppmv), CH4 (methane, 2.2 ppmv), H2 (0.5 
ppmv), water (maximal concentration depends on the temperature of the air) and 
equally small or even smaller amounts of compounds like, krypton, xenon and ozone 
[1]. Next to these more “common” compounds, lots of different other compounds can 
be found in air, mostly coming from specific sources. The composition of air can vary 
locally, due to pollution by for instance factories and cars, or, on a smaller scale, due to 
cigarette smoke, emission by plants, animals or humans. Some examples are the CFCs 
(chlorofluorocarbons) that affect the ozone layer, or the acetone in the breath of an 
athlete immediately after exercise. These various biological, medical, atmospheric and 
industrial sources influence the composition of the air, often only in minute quantities. 
Trace gas detection is the detection of these minute quantities of compounds 
in air. Nowadays, trace gas detection techniques can routinely detect quantities down to 
1 part per billion by volume (ppbv, 1: 109) or even lower. In one single milliliter of air, 
about 2.8 · 1019 (that is 28 quintillion) molecules can be found, leaving about 28 billion
molecules of the kind we want to find. This seems to be an enormous amount, but we 
should realize that this is about 200 million times less than the number of oxygen 
molecules in that same single milliliter of air! To realize just how minute these 
quantities are, imagine we were asked to find one specific person in the whole world, 
who is “randomly” mixed in with all the other people in the whole world… and trace 
gas science would probably be able to find this one person (since it’s “mixing ratio” 
would be ~ 200 pptv (part per trillion by volume, 1:1012).
People want to measure these trace quantities of molecules because the 
places and amounts in which we find them can give important information about the 
object emitting these molecules. Atmospheric chemists might want to study where 
pollution comes from and what the effect is on, for instance, the greenhouse effect or 
the ozone layer. Factory owners want to monitor the air inside a production site to 
monitor a production process or the safety of the employees. Biologists might want to 
know how a plant reacts on certain stress situations, like being eaten by caterpillars, or 
why a certain animal prefers a certain sort of fruit. Food dealers might want to monitor 
the stage of ripening of the fruits or deterioration of the meat in their storage rooms by 
the air around the food (headspace) and medical doctors might want to study the 
composition of a person’s breath to monitor the health status of the patient’s body.  
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To study the emissions of these molecules requires highly sensitive detectors 
due to the normally very low release rates. Even though complementary measurements 
usually are needed to obtain a complete description of these processes, monitoring the 
emission of molecules into the headspace can provide useful insight into internal 
processes. The examples sketch the wide variety of things that can be studied using the 
detection of trace gases. However, the sources of volatile organic compounds can vary 
greatly, just like the amounts and types of molecules emitted. Molecules from various 
chemical groups (like alcohols, aldehydes, aromatics, halogenated hydrocarbons, sulfur 
compounds, etc) can be emitted in a large range of quantities and still be detected. 
Many different methods for the detection of these trace compounds have been 
developed. Some are very focused and specialized on a certain molecule; others can 
measure many compounds simultaneously. Some are slow and others are fast. The 
object of study determines which method is best to use. 
1.2 Trace gas detection techniques employed in this 
thesis
The trace gas detection technique adopted in this thesis is Proton-Transfer 
Reaction Mass Spectrometry (PTR-MS). In addition, complementary detection 
methods have been used. E.g., two different gas chromatography systems were needed 
for identification of compounds detected with PTR-MS, while ethylene was detected 
using photoacoustic spectroscopy. In this section, a brief explanation is given about all 
3 trace gas detection techniques.  
1.2.1 Proton-Transfer Reaction Mass spectrometry 
Proton-Transfer Reaction Mass Spectrometry is a form of chemical 
ionization mass spectrometry, which was developed in the mid 1990s [2, 3]. In PTR-
MS, a trace gas neutral molecule is ionized via a chemical reaction with H3O+ and the 
products are selected and detected according to their mass-to-charge ratio. The ions 
created by the proton-transfer reaction are transported through the chemical reaction 
cell (drift tube) by applying an electric field over the reaction chamber. These ions are 
selected on the basis of their mass-to-charge ratio using a quadrupole mass filter and 
detected using a secondary electron multiplier.  
The advantages of PTR-MS are that it is fast, sensitive and versatile. 
Therefore, it can measure many different trace gas species in parallel and on-line at the 
(sub)parts per billion level. Because it’s fast, a measurement point can be obtained 
every few minutes, or even every second, if necessary. Many of the VOCs that PTR-
MS can measure are of interest for environmental, medical and biological research [3, 
4]. 
One reason H3O+ is used as the reactant ion is that is does not react with 
compounds like oxygen and nitrogen, which are present in large quantities. The other 
reason is that it is able to react with most of the common organic trace gas compounds, 
and that the reaction is “soft”, so the ions produced mostly stay intact and do not 
dissociate [3].  
Introduction
3
PTR-MS has already been used successfully in various fields, including 
discrimination between samples of differently treated orange juices [5], different types 
of cheese [6], monitoring headspace of bacteria [7], following decomposition of 
composting plants [8], monitoring atmospheric concentrations of VOCs [9-13], VOC 
emissions from plants under damage [9, 14] or disease or herbivore attack [4]. More 
recently, PTR-MS was also used for studies in medical diagnostic research [4, 7, 9, 15].  
In this thesis, several examples will be given of new biological and medical 
applications, and the development of a new system is described. In the next chapter, the 
ion chemistry of PTR-MS is discussed in more detail and the operating principles of 
quadrupole mass spectrometers are explained. 
1.2.2 Gas chromatography 
Gas chromatography is an analytical technique for separating compounds 
based primarily on their boiling points [16] (see Fig. 1.1). A gas, containing trace 
compounds, is analyzed by injecting a sample of this gas onto the head of a 
chromatographic column. This is a long tube with an inner wall coated with a so called 
stationary phase; the layer to which the compounds of interest adsorb. The sample is 
transported through the column by a carrier gas. Compounds move (“partition”) 
between this stationary phase (solid or liquid) and a mobile phase (the carrier gas). The 
differences in partitioning behavior of the stationary phase into the mobile phase allow 
the compounds to be separated in time and space. The time it takes for a compound to 
travel through the column and exit (elute) at the end is called the retention time and is 
compound specific. Commonly used carrier gases (which should be chemically inert) 
include helium, argon, nitrogen and CO2. The choice of the carrier gas usually depends 
on the type of detector used. The amount of gas injected and speed of the injection are 
important parameters for the final result. Too large injection volume or too slow 
injection causes retention time broadening and loss of resolution. Good separation and 
timing are obtained by a controlled heating of the column. 
When the compounds exit the column they are detected. The most commonly 
used detector is a electron impact (EI) mass spectrometer, but many other techniques 
can be used. The type of column used in the experiment determines which compounds 
can be measured. A GC-analysis typically takes 20-40 minutes, giving a fairly low time 
resolution.
In this thesis (chapter 4), a GC system has been used that contained both a 
flame ionization detector and an ion trap mass spectrometer. Next to this, we also used 
the PTR-MS as the detection device in a combination with a gas chromatograph 
(chapter 5). 
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Fig. 1.1 Schematic view of a gas chromatograph. 
1.2.3 Photoacoustic spectroscopy 
Absorption spectroscopy relies on absorption of light by molecules. Every 
molecule has its own “fingerprint” absorption spectrum, so a molecule can be 
recognized by its specific absorption behavior (absorption of specific wavelengths with 
a specific efficiency). Many different techniques exist that all rely on absorption of 
light. In this thesis, photoacoustic spectroscopy [17] is used. The name 
“photoacoustics” is derived from the conversion of light into sound and the technique 
can be applied to many substances, including trace gas detection in gaseous samples. 
A sample of gas is put into an absorption cell (resonator, see Fig. 1.2), which 
has the shape of an organ tube. The sample is irradiated by a light source. A fraction of 
the light will be absorbed if the frequency of the irradiated light matches the absorption 
features of the trace gas molecules. Due to the long radiation lifetime in the infrared 
wavelength region collisional de-excitation with other molecules dominates. The 
absorbed energy is converted to translational energy, so the temperature of the gas 
increases. Periodically switching the light source on and off produces periodical 
increase/decrease of the temperature and thus an alternating pressure in the gas sample. 
Alternating pressure is equivalent to an acoustic wave. If the frequency of switching 
(using a chopper) matches the resonance frequency of the organ tube, the acoustical 
wave is enhanced. This wave can be transformed into electrical signals using a 
microphone. The amplitude of the electrical signal is proportional to the concentration 
of the absorbing molecules and the intensity of the light source. To detect trace 
quantities of molecules, a very intense light source should be used. In this thesis, a 
CO2-laser based photoacoustic detector is used to measure low concentrations of 
ethylene [4, 18]. 
Fig. 1.2. schematic view of a photoacoustic setup. 
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1.3 Breath analysis
The contents of breath can be analyzed to tell something about the status of 
the (human) body. The police use this fact in the alcohol test. Just a simple breath into 
an electric device tells them how much alcohol is in your blood and therefore when you 
are allowed to drive your car or not. 
This is only possible because ethanol in the blood enters the breath in large 
amounts via the lungs. Human beings need to take up oxygen and to dump waste 
products like CO2 in order to stay alive. This happens in the lungs, where the air is only 
separated from the blood by a thin layer, the alveolar membrane [19]. Compounds will 
diffuse through the alveolar membrane from the side with high concentration (for 
oxygen this is the inhaled air) to that with low concentration (the blood). Along with 
CO2 and oxygen, many other volatile compounds are found in the human body [19]. 
Lots of them are inhaled via the air a person breathes in. These compounds are called 
exogenous compounds. On the other hand, also many compounds enter the breath 
because they are a (by-) product of a process inside the body. These are called 
endogenous compounds. It is the study of the identities and quantities of these 
endogenous compounds (and sometimes also the exogenous ones) that is used in breath 
analysis for medical purposes. Physicians have started to use these tests for diagnostic 
purposes, the advantage of which is that there is no discomfort to the patient and the 
doctor does not have to look inside the body in one harmful way or the other. 
Breath analysis is an exciting area in science which is growing fast. It is a 
promising technique to recognize abnormal physical conditions. Some examples are 
found already. For instance, Dimethyl sulphide is found a marker of liver function 
impairment [20] and marijuana metabolites can be measured in breath for several days 
after use [19]. GC-MS analysis of the breath of 10 subjects revealed a total of 1259 
compounds, of which 461 were endogenous [21]. The number of articles published 
about breath analysis is increasing every year [9].  
Breath testing started out in the time of Hippocrates, when physicians 
smelled the aroma of breath diagnostic purposes. Examples are the sweet, fruity odor of 
acetone in breath of patients with uncontrolled diabetes and the urine-like smell 
accompanying failing kidneys [19]. 
The first quantitative measurement came in 1784, when Laurent Lavoisier 
and Pierre Simon Laplace used a “breath trap” to analyze the breath of a guinea pig. A 
breath trap accumulates and concentrates components of the breath and lets them react 
in a chemical solution, resulting in observable precipitation. With this device they 
could prove that the animal consumed oxygen and produced CO2. This was the first 
evidence of the combustion of food in a mammal body [19].  
In the mid 19th century, colorimetric assays made the detection of compounds 
in the ppmv range possible. This technique lets compounds react with a reagent, which 
changes color. The change of color is an indication of the presence of the compound. 
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In 1971, Linus Pauling initiated the modern era of breath analysis by passing 
exhaled air through a cold trap, after which this trap was thermally desorbed and 
analyzed by using gas-liquid partition chromatography [19].  
The easiest forms of breath analysis for diagnostic purposes that are currently 
adopted are methods in which large amounts of a certain compound are administered to 
the patient and the uptake or the breakdown of this compound is measured. One 
example of this is consumption of xylene, which is broken down to hydrogen to detect 
malabsorption syndrome (an intestinal disorder) [19].  
During the last few decades, an increasing amount of different techniques 
have been developed for the analysis of breath VOCs. Not only do we now have 
trapping techniques using (among others) cold traps, multi-bed Tenax traps, activated 
charcoal, SPME (solid phase micro extraction) and collection of samples in canisters, 
glass tubes and Teflon or Tedlar bags, we also have a large variety of detection 
techniques available, including GC-Flame Ionization Detection, GC-MS (with 
quadrupole mass spectrometers, ion trap mass spectrometers, time-of-flight tubes, ion 
mobility spectrometers etc), several different types of chemical ionization mass 
spectrometers (including Soft Ionization Flow Tube-MS and PTR-MS), 
chemiluminescence, electronic nose and a large variety of optical absorption detection 
techniques based on many different types of laser sources (CO2-, Quantum Cascade-, 
Tunable diode-lasers, Optical Parametric Oscillators, etc) and different detection 
methods (photoacoustic-, cavity ring down-, cavity enhanced absorption-, wavelength 
modulation-spectroscopy, etc.).  
The variety of methods and techniques used in breath analysis reflects its 
strength, but immediately also its weakness [22]. On the one hand, for almost any 
compound, there is a choice of techniques suitable and sensitive enough to measure it. 
On the other hand, it makes it very hard to compare all different results and 
implementation into clinical practice is still far away for most “discoveries” and 
diseases studied over the last decades. The research field lacks standardization in 
methods of sampling, trapping, preconcentrating, detection and data analysis. The 
American Thoracic Society has issued guidelines for the collection and analysis of NO 
in breath, based on previous breath analysis research [22]. In chapter 7, we present a 
method that is designed following these guidelines. 
Many studies are designed to find markers for disease by studying two 
controlled, age-matched groups of patients, one group consisting of healthy people, the 
other consisting of people with a well-developed stage of the disease. To find markers 
in these situations is a huge challenge, to which more attempts fail than succeed, but it 
has been shown to be possible (e.g. [23-25]. These studies can provide very important 
information on the disease studied. However, this cannot be the only goal of breath 
analysis. Before a breath measurement technique is to be used in a hospital, it should be 
able to distinguish diseased patients from patients with many of the same symptoms, 
but without that specific disease. This second step, in my opinion, is the ultimate 
challenge in trace gas detection, applied to human breath. Even though sometimes this 
seems impossible, a first shimmer of hope is presented in chapter 8 of this thesis. 
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1.4 Outline of this thesis 
This thesis is about the application and development of trace gas detectors 
based on Proton-Transfer Reaction Mass Spectrometry. The largest part deals with 
applications; measurements performed with a PTR-MS system as a tool to study 
processes inside plants, fruits and humans. This system contains a quadrupole mass 
filter, logically called a PTR-MS (Proton-Transfer Reaction Mass Spectrometer), and is 
what I now call the “conventional” PTR-MS.
Chapter 2 first explains the ion chemistry that is used in these mass 
spectrometer systems to be able to sensitively measure trace gases. This is followed by 
a treatment of the theory and operating principles of both mass spectrometers employed 
in this work. 
Chapter 3 deals with the measurements of volatile organic compounds 
(VOCs) of figs and dates in different stages of ripening.  Frugivorous bats locate and 
select the fruits they eat on the basis of smell, but the odor cues they use for this are 
unknown. The hypothesis that they use volatile substances that increase during the 
course of ripening is tested in this study. Ethanol is found to possibly deter bats from 
overripe fruits. 
Chapter 4 is about the real time monitoring of Root-secreted volatiles from 
the model-plant Arabidopsis thaliana. This study was carried out at the National 
Oceanic and Atmospheric Administration (NOAA), where I was a guest for 6 months, 
working with Joost de Gouw and his colleagues. The response of Arabidopsis “hairy 
root cultures” to different types of stress was followed in time with PTR-MS and VOCs 
emitted by the roots were analyzed using a Gas-Chromatograph-Mass Spectrometer 
(GC-MS).
The in vivo monitoring of products of lipid peroxidation caused by UV-light 
irradiation of the skin is discussed in chapter 5. Ethylene was measured with 
photoacoustic spectroscopy, while using PTR-MS and a gas chromatography method 
we were able to identify two new markers of lipid peroxidation. The PTR-MS system 
used here, and in further chapters, has been built in our lab and has been considerably 
improved during the first year of my PhD. The important improvements are touched in 
chapter 5 in exactly 210 words. 
Chapters 6, 7 and 8 are about the quest to find markers for diseases in the 
breath of human beings. We developed a method to sample the breath of patients, 
collected in Tedlar bags, which afterwards are transported to our lab for analysis with 
PTR-MS. Chapter 6 contains a study to assess how good the Tedlar bags are for use as 
a sample container for breath. Chapter 7 presents the system that is used to collect the 
breath of patients in these bags, together with a validation of this system and a small-
scale example study towards finding markers for lung cancer. Chapter 8 shows a large 
scale screening (431 subjects) study to find markers of the disease COPD (Chronic 
Obstructive Pulmonary Disease, which includes lung emphysema and airway 
obstruction)  in persons with a high risk of developing this disease. The VOC patterns 
recorded by PTR-MS are compared with lung function tests and HRCT (High 
Resolution Computed Tomography) scans to asses the (degree of) COPD. In both 
chapters 7 and 8 some possible markers are found. 
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In chapter 9, we monitor the headspace of 3 different mycobacterial cultures 
in an exploratory study to see if it is possible to differentiate between these 3 types of 
mycobacteria. The development of their growth-curve is monitored on-line. The goal of 
this study was to try and find markers for the most important of the three types: 
Mycobacterium tuberculosis and to see how easily we can differentiate between them. 
The future perspective would be to find markers in human breath for the disease 
(tuberculosis) caused by this mycobacterium. 
Chapters 10 and 11 form the second part of this thesis and deal with the 
development, validation and characterization of a new PTR-MS system; a Proton-
transfer reaction Ion Trap Mass Spectrometer (PIT-MS), which differs from the 
conventional systems in the sense that it uses a “better” mass spectrometer. The use of 
an ion trap mass spectrometer has several advantages over the use of a quadrupole mass 
filter.
Chapter 10 describes the system that we developed, shows the main 
advantages an ion trap has to offer and shows a first comparison with the 
“conventional” PTR-MS on the volatiles emitted by an apple.  
Chapter 11 further explores the advantages of ion trap mass spectrometers 
and studies the collision induced dissociation patterns of 10 different monoterpenes. 
These CID patterns are compound specific and can therefore be used as a means of 
identification in future on-line experiments.  
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Chapter 2 
Theoretical introduction 
This theoretical introduction consists of 2 parts. The first part deals with the ion 
chemistry in the PTR-MS drift tube. Firstly, the criteria that govern the proton-transfer 
reactions are derived and explained, then the reactions themselves, followed by a 
discussion about calculation of concentrations, normalization and calibration. 
The second part of this theoretical introduction deals with the theory behind 
quadrupole mass filter and quadrupole ion trap operation. Here the principles of a 
quadrupolar field are explained and the basis and use of supplemental voltages on the 
end caps are discussed. 
2.1 Ion chemistry; Ion-molecule reactions in a PTR-MS 
drift tube 
Reactions between ions and molecules are among the fastest chemical reactions 
known, because of the long-distance electrostatic interaction between the charge of the 
ion and the polar or polarizable molecule. The resulting interaction energy at short 
range is often sufficient to overcome intrinsic energy barriers. This is in contrast with 
molecule-molecule reactions that normally involve an activation energy [1]. 
Mass spectrometry has played an important role in measurements of ion-
molecule reactions [1], providing extensive thermodynamic information about ions and 
molecules, including ionization energies and proton affinities of neutral molecules. 
Additionally, the combination of mass spectrometry and ion-molecule reactions has 
provided a means for studying the underlying processes of complex systems, such as 
the chemistry of the ionosphere of planets, processes in flame chemistry and various 
other fields. This is achieved by combining the use and knowledge of ion-molecule 
reactions with mass spectrometry to study a mixture of neutral molecules. 
The PTR-MS technique combines ion-molecule reactions for chemical 
ionization of gas-phase neutrals with mass spectrometry to study the reaction products. 
Ion-molecule reactions, more specifically proton-transfer (PT) reactions from H3O+
primary ions to gas phase neutrals, are performed in a drift tube. The ions move 
through the drift tube under the influence of an adjustable electric field, which controls 
the kinetics of the reaction. When H3O+ ions collide with a neutral, a proton-transfer 
reaction will occur 
OHRHROH k 23 o
       (2.1.1) 
To determine whether a certain compound can be studied and quantified, three 
parameters are important. The proton affinity of the neutral molecule determines if the 
PT-reaction occurs or not, whereas the collision rate constant determines the speed of 
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the reaction. Additionally the reaction time determines the number of reactions that can 
take place. Below, all three parameters are discussed, followed by a discussion on the 
calculation of concentrations, additional drift tube reactions and calibration and 
normalization issues. 
2.1.1 Proton affinity 
Any given quantity of gas can be regarded as a system with two degrees of 
freedom (two independent variables that describe the system). For such a system, there 
exist 4 thermodynamic potential functions that have particular physical significance. 
These 4 are the internal energy, the enthalpy, the Helmholtz function and the Gibbs 
function, which all have the dimensions of energy [2] 
The importance of the Gibbs function (or Gibbs free energy) is that it remains 
constant in reversible processes occurring under isothermal (constant temperature), 
isobaric (constant pressure) conditions. For thermodynamic equilibrium of any system 
at constant temperature and pressure, its Gibbs function (G) must be a minimum (in 
other words: dG = 0). These are the conditions applying to many physical and chemical 
changes. The Gibbs function and the enthalpy in differential form are given by 
VdpTdSdH
SdTVdpdG
 
 
       (2.1.2) 
     
Therefore, considering that the temperature T is constant (dT = 0) 
TdSdHTdSSdTdHdG        (2.1.3) 
For the proton-transfer reaction 
 o MHHM        (2.1.4) 
the gas-phase basicity GBT(M) is the negative of the Gibbs free energy change of the 
reaction (2.1.4) 
TT
TT
STMH
GMGB
'' 
'{
)(
)(
      (2.1.5) 
Here, T is the temperature and TS'  is the change in entropy of  the reaction and ǻGT
is the change in Gibbs free energy [3]. This can be expressed in absolute entropies of 
the species 
)()()(   ' HSMSMHSS TTTT      (2.1.6) 
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The proton affinity (PA) of the neutral collision partner (M) is defined as the negative 
of the enthalpy change (ǻH) of the gas-phase reaction at constant temperature T 
)()()(
H-(M)PA TT
  
'{
MHHHHMH TTT
    (2.1.7) 
Therefore, the gas-phase basicity is given by 
TTT STMPAMGB ' )()(       (2.1.8) 
The gas-phase basicity is thus the sum of the proton affinity and entropy 
change of the reaction 
The species with the lower gas phase basicity can transfer a proton to the 
conjugate base of the other. For the PTR-reactions in the drift tube, the exact difference 
in the gas-phase basicities can be measured by determining the equilibrium constant, 
Keq of this reaction 
> @
> @
> @
> @OH
R
RH
OH
K eq
2
3


        (2.1.9) 
This equilibrium constant Keq can be expressed in terms of the thermodynamic 
potential G in the law of mass action [2] 
)()(
ln
2 RGBOHGB
STH
GKRT
TT
TT
Teq
 
'' 
' 
     (2.1.10) 
where we should remember the definition of GBT from equations (2.1.4) and (2.1.5). A 
derivation of this law of mass action can be found in appendix A. In a proton-transfer 
reaction, the enthalpy change of the whole reaction (so not just the detachment of the 
proton from the ion) is equal to the difference in proton affinities of the two species [4, 
5] 
)()( 2 RPAOHPAH TTT  '       (2.1.11) 
and the entropy change is  
)()( 2,, OHSRSS TpTpT '' '      (2.1.12) 
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The relative gas-phase basicity values of the neutrals of the two reaction 
species determine whether the proton-transfer reaction in equation (2.1.4) occurs 
(GBT(R) should be bigger than GBT(M) for the reaction to occur). However, the 
entropy changes associated with such a reaction are typically very small, which is why 
proton affinities are often used to predict if a particular proton transfer reaction occurs. 
Since in the PTR-MS instrument the proton donor is always H3O+, the general criterion 
to estimate the occurrence of a proton-transfer reaction is that the proton affinity of the 
neutral molecule is higher than that of water. 
The value of the proton affinity of any species can be derived from equation 
(2.1.7), provided that enthalpies of formation of the relevant species are known. In 
practice, there are relatively few species for which this condition is fulfilled, since 
experimental determination of these quantities depends on compound stability and on 
the existence of the neutral analogue (MH), which only exists for a few compounds. 
Most of the known proton affinity values have been derived from determinations of 
equilibrium constants for proton-transfer reactions in the gas phase, to generate relative 
values for proton-affinities. To determine the enthalpy change of the proton-transfer 
reaction, values for the entropy changes of the reaction must be obtained, through 
measurements of the equilibrium constants as a function of temperature (van ‘t Hoff 
plot), through statistical-mechanical estimations or by ab initio calculations. Absolute 
values can then be derived from the relative ones using data for molecules whose 
position on the relative scale and absolute proton affinity values are known. Hunter and 
Lias [5] list the proton affinity values of over 1700 compounds and the NIST chemistry 
webbook [6] is based on these values. 
In practice, the structure of the molecule is a good estimator for whether the 
proton affinity of a trace gas compound is higher than that of water. The proton affinity 
of oxygenated and aromatic hydrocarbons and hydrocarbons with an N, P, S or Cl atom 
incorporated are generally higher than that of water and can be measured by PTR-MS. 
Saturated hydrocarbons (alkanes) and the “normal constituents” of air (N2, O2, NO, 
NO2, CO2, Ar etc) have proton affinities lower than that of water. 
2.1.2 Collision rate constants
While the proton affinity basically determines whether a specific proton-
transfer reaction occurs, it is the reaction rate constant that determines the speed of the 
reaction. Efficient reactions proceed at or close to the collision rate (ĭ ~ 1). The 
reaction efficiency ĭ is given by the ratio between the reaction and collision rate 
coefficients ĭ = kr/kc. Harrison et al. [7] have shown that if such a proton-transfer 
reaction is exoenergetic, the efficiency is ~1, so the reaction rate constant can be 
considered equal to the collision rate constant. In a drift tube reaction between H3O+
and R, the reaction rate constant k appears as 
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dt
RHd
dt
OHd
   

3
3     (2.1.13) 
Reaction rate constants can be measured or calculated. The most popular 
theory for the calculation of collision rate constants is the “average dipole orientation” 
(ADO) theory [8] 
  »¼
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according to which the magnitude of kc is determined by the physical properties of the 
reactants: polarizability Į and the permanent dipole moment ȝD of the reacting 
molecule, the charge q of the ion and the reduced mass ȝ of the colliding reactants [8, 
9]. C is a correction factor that is a function of Į and μD, kB is Boltzmann´s constant.
Many collision rate constants of neutral gaseous molecules with H3O+ are listed 
in literature (cf. [9-11]). The uncertainty in calculated and measured values is typically 
in the order of ~10-20%. The values of these rate constants are compound specific and 
vary around a value of about 2·10-9 cm3s-1 (e.g. ethanol 2.7·10-9 cm3s-1 , acetaldehyde 
3.7·10-9 cm3s-1, acetone 3.9·10-9 cm3s-1, benzene 1.91·10-9 cm3s-1, see appendix B), 
which is typically one or two orders of magnitude larger than that for exothermic 
molecule-molecule reactions proceeding without activation energy. Therefore, when 
the collision rate of a compound is unknown, this value is often used in calculation of 
the concentration of a measured compound. In appendix B, a list of compounds with 
their proton affinities and collision rate constants can be found.
2.1.3 Reaction time 
The reaction time in the PTR-MS instrument is the time it takes for an H3O+
ion to cross the drift tube. As a result of the electric field E over the drift tube, the so-
called drift-velocity is given by [12, 13] 
Evd  P         (2.2.15) 
where μ is the ion mobility, which has been determined for numerous ions in different 
buffer gases, including for H3O+ ions in a nitrogen buffer gas (2.76 cm2 V-1s-1) [14]. 
The reduced mobility is given as 
PPP ¸¸¹
·
¨¨©
§
 ¸
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¸¸¹
·
¨¨©
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N
T
T
p
p
      (2.1.16) 
where p is the pressure, T the temperature and N the gas number density in the drift 
tube. N0 denotes the gas number density at pressure p0 (1 atm) and temperature T0
(273.15 K). Substituting (2.1.16) into (2.1.15), we get 
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The drift velocity is a function of the parameter E/N, which is a frequently used 
parameter in ion mobility studies and is expressed in Townsend (1 Td = 10-17 Vcm2). 
Using x = v · t, we get for the reaction time 
1
00
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N
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P
        (2.1.18) 
in which L is the length of the drift tube. De Gouw et al. [12] have shown that this 
calculation is in excellent agreement with experiment. The reaction time is around 110 
μs at 120 Td for a drift tube of 10 cm length. 
2.1.4 Kinetic energy dependence and additional drift tube 
reactions
Due to the applied electric field, the ion velocity (and thus the kinetic energy) 
is increased. This inherently means that the average temperature of the ions is higher 
than the ambient temperature 
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where Tcoll is the temperature associated with the average center-of-mass kinetic energy 
of collisions between ions and neutrals in a buffer gas, as given by the Wannier 
expression [15] 
collBBd
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     (2.1.20) 
Typical numbers in the drift tube (~120Td) are in the order of vd = 9·102 m/s and Tcoll = 
2·103 K. The proton affinity of a compound is essentially temperature-independent [3].  
Hansel et al. [16] found that the reaction rate kr of the proton-transfer reaction 
between H3O+ and formaldehyde had a slightly negative energy dependence. The 
difference in proton affinity between formaldehyde and water is only small (5.2 kcal 
mol-1 [6]). Hansel and coworkers also showed for this same proton-transfer reaction, 
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that the reaction rate constant of the back reaction (proton-transfer from protonated 
formaldehyde back to a neutral water molecule) increases strongly with kinetic energy. 
They report an increase in the reaction rate with kinetic energy from 2.3·10-12 cm3 s-1 at 
0.05 eV to 2·10-10 cm3 s-1 for 0.8 eV. At elevated E/N values and high water vapour 
densities in the gas to be analyzed (for instance in exhaled breath), this might lead to an 
underestimation of the actual drift tube concentration by calculation.  
In addition to the proton-transfer reaction (equation (2.1.1)), the H3O+ (and 
RH+) ions can cluster with the sampled air 
nOHOHOHOH )( 2323 l
      (2.1.21) 
in which n is an integer higher than zero. These clusters can be a problem, since their 
presence complicates the interpretation of the mass spectra. In PTR-MS, the formation 
of these clusters can be limited and controlled by the electric field applied over the 
reaction region. Dependent on the pressure and the electric field (effectively on the 
parameter E/N), these H3O+ · (H2O)n clusters can be present in the drift tube and react 
with the trace gas compounds via proton transfer or ligand switching 
OHmnROHHROHOH
OHnRHROHOH
mn
n
2223
223
)1()()(
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  (2.1.22) 
Since the proton affinity of the water clusters is higher than the proton affinity 
of water, the proton-transfer reaction with a water cluster is more selective than 
reaction (2.1.1). The ligand-switching reaction can be equally efficient as the proton-
transfer reaction, depending on the dipole moment of the neutral R. For non-polar 
molecules like benzene, both reactions in (2.1.22) will not take place. This means that 
the sensitivity or detection efficiency of a molecule like benzene can be humidity 
dependent, since the amount of water clusters depends on humidity [12]. 
Reactions (2.1.21) and (2.1.22) are strongly energy dependent. Since 
additionally the reaction time is dependent on the drift tube voltage (and therefore on 
the kinetic energy of the H3O+ ions) the proton-transfer reaction efficiency is kinetic 
energy dependent. 
Additionally, higher drift tube voltages also increase the kinetic energy of the 
product ions, which will fragment to an increasing extent with increasing drift tube 
voltage.
One additional feature is of importance in a drift tube. Proton-transfer is a soft-
ionization process, which means that the product ions only have a low amount of 
excess energy, so little or no fragmentation occurs. It is known, however, that several 
compounds do fragment upon proton-transfer and that the degree of fragmentation 
increases with increasing kinetic energy [11, 17, 18]. For instance alcohols are known 
to easily split off a water molecule upon proton-transfer via the dehydration channel 
OHOHRRH 2)( o
       (2.1.23)
Theoretical Introduction
17
In a PTR-MS experiment, where specificity and sensitivity both are important, 
usually a tradeoff between high kinetic energies for low mass spectral complexity and 
low kinetic energies for high sensitivity and low degree of fragmentation is made. 
Generally, in a quadrupole based PTR-MS system, an E/N value of around 120 Td 
(120·10-17Vcm2) is adopted. 
2.1.5 Calculation of concentrations in PTR-MS 
The reaction equation of a proton-transfer reaction is given in equation (2.1.1). 
A decrease in the primary ion (H3O+) concentration corresponds to an increase in 
concentration of RH+, formed from the neutral R as given in equation (2.1.10). In this 
equation, k is the rate constant for reaction (2.1.1). The left and right part can be 
rearranged to obtain 
> @
> @ > @dtRkOH
OHd
 

3
3        (2.1.24) 
Integration of both sides and rearranging the integration constants gives 
> @ > @ CtRkOH  3ln        (2.1.25) 
> @ > @ > @ CtRkCtRk eeeOH   3
The boundary condition [H3O+]t=0 = [H3O+]0 results in eC = [H3O+]0, so we get the 
expression for the H3O+ concentration in time 
> @ > @ > @tRkeOHOH   033       (2.1.26) 
If we consider that the gain in concentration [RH+] (with [RH+]0 = 0) is the same as the 
decrease in [H3O+] we get 
> @ > @ > @ > @ > @ > @
> @ > @ > @ tRk
tRk
t
eOHRH
eOHOHOHOHRH


 
  
103
0303033
  (2.1.27) 
If [R] is very small, the exponential on the right side is very small, and e-k[R]t can be 
approximated by a Taylor expansion 
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For small [R] the quadratic term in this equation is much smaller than the linear term 
and can be ignored, which results in 
> @ > @ > @   > @ > @tRkOHtRkOHRH    0303 11    (2.1.29) 
It is important to note here that the concentration of RH+ is linearly 
proportional to the amount of primary ions H3O+ and to the concentration of the neutral 
R inside the drift tube. 
The ratio between two concentrations in the drift tube can be replaced by the ratio of 
the detected signals (i(RH+) and i(H3O+), respectively) and we get 
> @ > @> @
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     (2.1.30) 
Here, usually the assumption is made that the ratio between the detected signals 
is proportional to the ratio of concentrations in the drift tube, meaning that the detection 
efficiencies for both ions is the same. To take a difference in detection efficiency into 
account, the transmission factor FT is introduced; this is the ratio between the 
transmission efficiencies of both ions and should be determined experimentally.  
The concentration of R in the drift tube can then be calculated from the 
measured signals i(RH+) and i(H3O+), if the factors FT, k and t are known. The reaction 
rate constant k is specific for every pair of collision partners and can be calculated or 
measured, as discussed before (section 2.1.2). The interaction time t is the time the 
H3O+ ions need to travel through the drift tube, which is given by equation (2.1.18). By 
substituting equation (2.1.18) in (2.1.30) we obtain 
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  (2.1.31) 
In this equation NA represents Avogadro’s number, Rg is the ideal gas constant and 106
is a factor to convert the volume from m3 to cm3 and C(T,p) is the calibration constant, 
which is a function of temperature and pressure as expressed by the middle part of the 
equation. This factor can be calculated since all the constants in the equation are 
known.
It should be noted that the transmission factor FT is a factor that is specific for 
each instrument and can be dependent on mass. It has been introduced for non-ideal 
transmission through the quadrupole and the buffer chamber. In an ion trap based 
instrument, this same factor can be introduced. In that case it stands for the total 
detection efficiency, including the trapping efficiency of the ion trap for the m/z-value 
concerned.
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2.1.6 Normalization 
The amount of ionized trace gas molecules in the drift tube, and therefore its 
calculated concentration, is linearly proportional with the amount of H3O+ ions 
produced by the source. Therefore, every variation in production of these primary ions 
will result in a fluctuation in the measured and calculated concentration of the trace gas 
component. To avoid this, the measured number of counts on a specific mass is 
normalized to the fixed amount of 1·106 primary ions  
)(
)(101)(
3
6


 u 
OHi
RHiRHi norm       (2.1.32) 
The measured concentration is then obtained from the count rate by division by 
the calibration constant, which is expressed as the normalized number of counts per 
ppbv (ncps/ppbv). As noted above, the water cluster H3O+·H2O reacts differently with 
several molecules than H3O+ does. De Gouw et al. [12] have introduced a correction 
factor to take this difference into account 
)()(
)(101)(
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However, this factor X should be experimentally determined for every single 
compound, which implies a positive identification of the compound behind the 
observed ion intensity. As we will discuss in Chapters 4, 5 and 10 this is not always 
possible, especially with a quadrupole-based instrument. One way to circumvent this is 
to keep the concentration of the water cluster H3O+·H2O in the drift tube lower than 
10% of the primary ion count rate. 
2.1.7 Calibration
It has been shown by de Gouw et al. [12] that calculation and experimental 
determination of the calibration factor C(T,p) are in reasonable agreement. Since 
instrument performance and drift tube humidity can vary over time and fragmentation 
will be different for every compound for every E/N value, calibration measurements are 
preferred [12]. However, also in calibration measurements several errors can be 
introduced, for instance by an inaccurate determination of the concentrations in the 
certified mixture or inaccuracies in the mixing of flows with mass flow controllers. If 
calculation and calibration are in reasonable agreement, determined concentrations can 
be regarded as reliable. With proper calibration measurements, the uncertainty in the 
measured concentration can be decreased to ~5-10%.  
From the calibration factors obtained for the fixed set of compounds in the 
certified mixture that is used for the calibration measurements, the calibration factors of 
other compounds on a specific m/z ratio can then be calculated by taking into account 
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the difference in collision rate constant, transmission/trapping efficiency factors and 
fragmentation ratios. 
2.2 Quadrupole fields 
In this thesis, two different types of mass spectrometers are used: the 
quadrupole mass filter and the quadrupole ion trap (or Paul trap). The term quadrupole 
in both devices refers to the fact that the potential at a point within a quadrupolar field 
depends upon the square of the distance from the origin, and not to the fact that a 
device consists of 4 electrodes. The theory of operation of a quadrupolar device is 
based upon the assumption of one single ion in an infinite, ideal quadrupole field, in the 
total absence of a background gas.  
The general form of a potential at any given point within a quadrupolar device 
is
CzyxAzyx  )(
222
,, JVOM      (2.2.1) 
where A is a term that is independent of x, y and z and C is a “fixed” potential that is 
applied to all of the electrodes (the electrodes all “float” above ground). The three 
constants Ȝ, ı and Ȗ are weighting constants. This equation has two important 
implications: the field increases quadratically in all directions and there are no cross-
terms, which makes sure that motions in either direction can be treated independent of 
each other. 
In an electric field, the Laplace condition should be satisfied 
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The partial derivatives of this equation are 
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Fulfilling the Laplace condition (equation (2.2.2)) gives 
0  JVO         (2.2.4) 
This equation restricts the possible geometries of electrodes that can create a 
quadrupolar field (such a field is always created by a configuration of machined 
electrodes). In principle, equation (2.2.4) has an infinite amount of different 
combinations of Ȝ, ı and Ȗ that solve it. In general the simplest solutions are chosen. 
These are 
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0;1    JVO        (2.2.5) 
for 2-dimensional quadrupole mass filters (QMF) and linear ion traps (LIT) and 
2;1    JVO        (2.2.6) 
for 3-dimensional quadrupole ion traps. In this thesis, both a quadrupole mass filter and 
a quadrupole ion trap are used. For both devices, the typical electric fields and stability 
diagrams are derived below. 
2.2.1 The quadrupole mass filter 
Quadrupole mass filters have a geometry fulfilling the requests of equation 
(2.2.5). This is achieved by composing the device out of 2 pairs of circular or 
hyperbolical rods, as is shown in Fig 2.2.1, having the symmetrical dimensions x0 = y0
= r0, stretched in the z-direction (in the theoretical treatment, the rods are extended into 
infinity in the z-direction). Here r0 is the radius of the inscribed circle in Fig 2.2.1, 
which touches the surface of all four electrodes.  
Fig 2.2.1. Schematic view of a quadrupole mass filter. 
Substitution of equation (2.2.5) into equation (2.2.1) gives the quadrupolar potential 
CyxAyx  )(
22
,M        (2.2.7) 
Since the field of a quadrupolar device in the x-direction and the y-direction are 
independent, the field is a superposition of both 
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pairypairx   MMM0        (2.2.8) 
where pair indicates that the potential in both the x-direction and the y-direction is 
created by two electrodes (see fig. 2.2.1). With the boundary conditions x02 = r02 and  
y02 = r02 we get 
CrACrA pairypairx    )(;)(
2
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so we find 
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If we also consider that ĳ0,0 = C, where C equals zero when the device is at ground 
potential, we get from equations (2.2.7) and (2.2.10) 
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Since the motion in both directions can be considered independently, we get for the 
electric field and the force acting on a charged particle in the x-direction 
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The minus sign indicates that the force acts in the opposite direction to increasing x. 
Here the symbol e is used for charge, rather than q to avoid confusion with the stability 
parameter q introduced later. Using amF &
&
 , the general equation of motion can be 
obtained
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Usually, in a quadrupole mass filter, the drive potential on the quadrupolar rods is 
given as 
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)cos(20 tVU : M        (2.2.14) 
where V is the zero-to-peak amplitude of the RF potential with angular frequency ȍ
(rad s-1) and U is the DC voltage potential 0M applied to the electrodes. One pair of 
electrodes is driven with + 0M , the other pair with - 0M . With this drive potential and the 
knowledge that in PTR-MS only singly charged cations (positively changed ions) are 
measured, the equation of motion in the x-direction is 
x
mr
teV
mr
eU
dt
xd
r
xtVUe
dt
xdm
¸¸¹
·
¨¨©
§ : 
: ¸¸¹
·
¨¨©
§
2
0
2
0
2
2
2
0
2
2
cos22
)cos(2
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Since the potential in the y-direction differs only by a minus-sign, also the equation of 
motion in the y-direction differs only by a minus-sign. The mathematical problem in 
equations (2.2.15) can be described in terms of the Mathieu equations, which have the 
general form 
0)2cos2(2
2
  utqa
d
ud
uu [[
      (2.2.16) 
where u is the displacement and ȟ a dimensionless parameter, equal to ȍt/2, such that ȍ
is a frequency. When we realize that 
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By comparing 2.2.18 with 2.2.15, expressions can be obtained for the “stability 
parameters” ax and qx of the Mathieu equations 
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Since the equation of motion in the y-direction differs only by a minus-sign, we find ay
= -ax and qy = -qx.
The equations in 2.2.19 are interesting because they are a function of the mass-
to-charge (m/z) ratio of the ions and the frequency of the drive potential, so each m/z 
ratio has its own parameters au and qu. Additionally, the parameters are a function of 
either the DC component (U) or the RF component (V) of the drive potential, which 
therefore can be manipulated by the drive potential amplitude and offset. 
The Mathieu equations have areas of solutions for ion trajectories that are 
stable or unstable, limited by integer values of the parameter ȕu, which is a complex 
function of au and qu (see section 2.2.2). Thus, the parameters au and qu, which depend 
on the amplitudes of the drive potential components, determine the stability or 
instability of the ions in the mass filter. Therefore, the parameters au and qu are called 
stability parameters.  Fig 2.2.2 shows that part of the stability diagram that is used in 
normal quadrupole operation. More about this parameter ȕ is given in section 2.2.2, in 
which the quadrupole ion trap potentials are treated. 
The mathematical derivation above is based on ideal hyperbolical electrodes. 
These electrodes are hard to produce. Therefore, to lower production costs, usually the 
electrodes are produced as circular rods. It is empirically found that a relatively good 
approximation of the ideal quadrupole field is achieved when the rod radius is 1.144 
times r0.
In the normal mode of operation, both the DC and the AC potentials are 
ramped with a fixed DC/AC ratio. This can be viewed in Fig 2.2.3, where the stability 
diagram is displayed in U,V-space. The diagonal in this Fig represents a fixed DC/AC 
ratio and is called the scan line. By applying the right DC/AC ratio, unit mass 
resolution can be obtained.  
Fig. 2.2.2 Stability diagram for the quadrupole mass filter. Ion trajectories are stable within the 
hatched region.  
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Fig. 2.2.3. Stability diagram of four ions with different m/z ratio in U,V-space, in order of 
increasing m/z ratio. The straight line in the diagram corresponds to the scan line (constant U/V 
ratio). By ramping U and V along this line, at each instant in time only one m/z will be stable (in 
the apex of the diagram) since only the peak of each individual stability diagram is intersected 
and ions are transmitted selectively, with the lowest m/z ratio transmitted first. The arrow 
indicates the direction of changing U and V.  
Quadrupole mass filters are excellent instruments for the monitoring of 
quantities of different ions. However, the only thing one can determine with a QMF is 
the m/z ratio, which in itself does not give enough information to identify the trace gas 
compound being measured. Several options have been raised to solve this problem, 
which are more elaborately discussed in chapter 4 and 5. One of the possible solutions 
suggested is the development of a PTR-MS system based on an ion trap mass 
spectrometer (Proton-transfer reaction Ion Trap Mass Spectrometer, PIT-MS), instead 
of a QMF. The use of an ion trap mass spectrometer has several advantages over the 
use of a QMF. The development of this PIT-MS system and the advantages of the ion 
trap are discussed extensively in chapters 10 and 11. In section 2.2.2 the general 
operation principles of an ion trap are presented. 
2.2.2. The quadrupole ion trap 
Quadrupole ion traps have a geometry fulfilling the equirements of equation 
(2.2.6), consisting of 3 electrodes (Fig 2.2.4). One electrode is a central ring, with on 
both sides an end cap electrode. Both end caps have an aperture in the centre, through 
which the ions can be injected and ejected. The central ring originally has an internal 
hyperbolically shaped surface and the ideal shape of the electrodes can also be derived 
theoretically [19]. However, research over the past decades has shown that also with 
alternative, simplified and miniaturized configurations, the ideal quadrupolar potential 
can be approximated reasonably well (cf. [20]).  
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Fig 2.2.4. Schematic view of the quadrupole ion trap. 
The stability equations for a single ion in an ion trap RF potential can be derived for the 
general case. Combining equation (2.2.6) with equation (2.2.1), the quadrupolar 
potential becomes 
CzyxAzyx  )2(
222
,,M       (2.2.20) 
which can be expressed in polar coordinates as 
CzrAzr  )2(
22
,M        (2.2.21) 
From this, the constants A and C can be derived. If we define the potential ĳ0 in terms 
of the difference between the potentials applied to the ring and the pair of end cap 
electrodes and recall the boundary conditions r = ± r0 when z = 0 and z = ± z0 when r = 
0, we get 
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Thus we find 
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Combining 2.2.23 with the potential in equation 2.2.21, the general quadrupolar 
potential for an ion trap is obtained 
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Similar to the case of the quadrupole mass filter, the actual drive potential applied to 
the electrode can now be introduced 
)cos(0 tVU : M        (2.2.25) 
where ȍ is again an RF (~1 MHz) frequency, while the potential on the end caps is set 
to zero. If we substitute (2.2.25) into (2.2.24) and realize that again the components of 
ion trajectory can be considered independent, we get for the force F on an ion in this 
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This results in 
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In analogy to the treatment for the quadrupole mass filter, from equation 2.2.16 and 
equation 2.2.27 we get the Mathieu equation of ion motion in the z-direction 
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from which again the stability parameters can be derived. If we, additionally, take into 
account that the starting point of the quadrupole ion trap treatment was Ȝ = ı = 1 and Ȗ
= -2, we get 
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Solutions of equation 2.2.27 (and 2.1.16) are known to have the general form 
[19] 
)()( 21 [[ uBuAu uu         (2.2.30) 
where Au and Bu are constants of integration, u denotes the general directions z or r and 
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The new stability parameter ȕu is introduced here, which is a complex function of the 
parameters au and qu [19]. There are two types of solutions to the Mathieu’s equations 
for this field, expressed in terms of this stability parameter ȕu: periodically unstable and 
periodically stable solutions.
The boundaries of the unstable areas are characteristic curves that correspond 
to integer values of the trapping parameters ȕz and ȕr (see Fig 2.2.5). These boundaries 
represent the points at which the trajectory of an ion in a trap becomes unstable. Stable 
solutions determine the motion of the ions in an ion trap. 
A three-dimensional representation of an ion trajectory in the ion trap has the 
general appearance of a Lissajous curve, composed of two fundamental frequency 
components Ȧz,0 and Ȧr,0 of the secular motion. There are higher order frequencies, 
which are given by 
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with the fundamental frequencies for n = 0. The parameter ȕu is a function of au and qu
and is a continued fraction expression 
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which can be approximated as 
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for qu < 0.4 (Dehmelt approximation) [19]. 
Ions can be stored in the ion trap provided that their trajectories are stable in 
the r and z directions simultaneously. The stability diagram for an ion trap is typically 
similar to the diagram obtained for the quadrupole mass filter. The part of the diagram 
that is practically most easily accessible is the part closest to the origin, which is shown 
in Fig 2.2.5 for the z direction.  
In the general mode of operation, the DC component (U) is kept zero, so in the 
stability diagram, ions move along the au = 0 line. One can see that the ȕz = 1 stability 
boundary intersects the q-axis at qz = 0.908. This is the working point of the lowest 
mass/charge ratio that can still be stored in the ion trap (low-mass cut-off, LMCO) for a 
given set of values r0, z0 and ȍ. By ramping the RF voltage V, ions move along the az = 
0 axis towards the working point qz = 0.908 and become unstable in order of increasing 
mass. Increasing V increases the qz parameter, so ions start to move past q = 0.908 and 
are ejected. In this way, a mass spectrum is obtained within tens of milliseconds.  
As stated at the beginning of this section, this theory relies on the assumption 
that there is only one ion in an infinite, ideal quadrupole field in the total absence of 
background gas. This clearly is not the case in experimental situations. It has been 
found experimentally, that a slightly stretched geometry (where zo > r0) approaches this 
ideal field to a great extent.  
Usually, multiple ions of like charge are trapped. These ions act upon each 
other via Coulomb interactions, which can be ignored when the amount of ions is low, 
since this Coulomb interaction between only a few ions on “normal” distances is 
negligible compared to the effect of the electric field. There is, however, a certain limit 
at which these Coulomb interactions start to become important and space charge effects
start to play a role. The interactions between ions in the trap start to disturb the electric 
field. This problem can be circumvented by closing the ion trap before space charge 
effects start to become important. In commercial ion trap systems this can be done via 
automatic gain control (AGC). A further discussion on this can be found in chapter 10.  
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Fig 2.2.5. Stability diagram for the quadrupole ion trap. The boundaries of the diagram are 
given by the values ȕz = 0, ȕr = 0, ȕz = 1 and ȕr = 1. Ions become unstable along at qz = 0.908. 
The performance of an ion trap can be improved by adding a helium 
background (damping) gas. On the one hand, elastic collisions may dampen (“cool”) 
the kinetic energy of the ions and cause migration towards the center of the trap, which 
improves the trapping efficiency and the quality of the mass spectrum obtained. In 
addition, the ions may experience “reactive” collisions through the occurrence of 
ion/molecule or ion/ion reactions. On the other hand, when the kinetic energy of a 
stored ion is increased, the kinetic energy may increase so far that the ions are ejected 
from the trap. Via inelastic collisions with the helium buffer gas, increased kinetic 
energy can also cause collision induced dissociation, the dissociation of the excited 
ions into smaller fragments. The helium damping gas pressure can influence these 
processes, which can all be used in normal operation of the ion trap.  
Equation (2.2.35) gives an equation for the secular frequencies (Ȧz) with 
which the ions move in the trapping field inside the trap. The fundamental frequencies 
can be approximated fairly well when qu < 0.4 (Dehmelt approximation) and are then 
given by (az is zero in normal ion trap operation) 
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Thus, the secular frequency (typically several kHz) with which an ion oscillates 
in the ion trap depends on qu and on the drive potential amplitude V. This has an 
important application in resonant ejection, where a fixed single-frequency waveform 
(corresponding to a specific q-value) is applied to the end caps. When the ions move 
along the q-axis due to ramped V, they move to that point of excitation and are ejected.  
A second feature visible from (2.2.35) is that the secular frequency depends on 
the mass-to-charge ratio. This property is used in resonant excitation, where one single 
mass-to-charge ratio is excited by applying a specifically chosen single-frequency 
waveform to the end caps of the ion trap. This specifically chosen ion is excited and 
breaks apart upon inelastic collisions with the helium buffer gas. By invoking collision 
induced dissociation, also additional information can be gathered about the identity of 
the ions monitored with the PIT-MS.
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Chapter 3 
Ethanol and methanol as possible odor cues 
for Egyptian Fruit Bats (Rousettus
aegyptiacus)
Abstract 1
Frugivorous bats from the Old and New Worlds use odor cues to locate and 
assess fruit condition. We hypothesized that Egyptian fruit bats (Rousettus aegyptiacus)
use as odor cues those volatile compounds that increase in emission rate as fruit ripens. 
We examined whether the smell of fermentation products may indicate the degree of 
ripeness to fruit bats. We analyzed volatile compounds in the headspace (the gas space 
above a fruit in a closed container) of dates (Phoenix dactylifera) and rusty figs (Ficus
rubiginosa), both of which are fruits consumed by fruit bats, to elucidate which 
compounds originate from fermentative pathways and to determine which of them 
change in emission rate during ripening. Ethanol, acetaldehyde and acetic acid were the 
only volatile compounds detected as products of fermentation in both fruits. In dates, 
emission rates of these volatile compounds increased during maturation, whereas in 
rusty figs they decreased or remained constant. Methanol, although not a fermentation 
product, increased in emission rate during ripening in both fruits. We found that R..
aegyptiacus were neither attracted nor deterred by the smell of methanol at any of the 
concentrations used in our experiments. Although the odor of ethanol emanating from 
food containing concentrations similar to those found in ripe fruit did not attract the 
bats, at relatively high concentrations ( 1%) the smell of ethanol deterred them. Thus, 
ethanol at high concentrations may serve as a signal for the bats to avoid overripe, 
unpalatable fruit.
Francisco Sanchez, Carmi Korine, Marco M.L. Steeghs, Luc-Jan Laarhoven, Simona M. 
Cristescu, Frans J.M. Harren, Robert Dudley and Berry Pinshow, “Ethanol and methanol as 
possible odor cues for Egyptian Fruit Bats (Rousettus Aegyptiacus)” J. Chem. Ecol. 32 (6): 
1289-1300 Jun 2006
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3.1 Introduction 
Frugivory has evolved separately in two lineages of bats: Pteropodidae from 
the Old World and Phyllostomidae from the New World. Olfaction is an important 
sense for fruit-eating bats in both families, and several studies suggest that both groups 
of frugivorous bats use odors emitted from fruits to locate and evaluate their 
palatability. However, little is known about the chemical compounds used by 
frugivorous bats to find fruits and to assess their quality.
Fruit-eating bats generally prefer ripe fruit to unripe or overripe unpalatable 
fruit, as defined using anthropomorphic criteria [5, 6, 7]. This result implies that, in 
nature, frugivorous bats choose fruit emitting volatile compounds within a particular 
range of concentrations. If frugivorous bats use these compounds as odor cues, they 
may be able to discern variation in their emission rates to assess fruit condition.  
As fruit ripens, a variety of chemical and structural changes take place, 
including either synthesis or degradation of carbohydrates, lipids, proteins and mRNAs, 
and the production of pigments and flavor-imparting compounds [8, 9]. Given that the 
perception of flavor involves the senses of touch, smell and taste [10], the flavor of 
fruit depends on the complex interaction of sugars, organic acids, phenols, and more 
specialized flavor compounds, including a wide range of volatile compounds. The 
profile of volatile compounds for a fruit is usually very complex, and may include a 
large diversity of compounds including alcohols, aldehydes, esters and other chemical 
groups [11].  
Several fruit-eating primates and one Neotropical fruit bat are sensitive to the 
odor of aliphatic alcohols [12, 13]. Moreover, Laska and Seibt [13] suggested that fruit-
eating mammals are specifically sensitive to aliphatic alcohols that are products of 
microbial fermentation in fruit, and these may serve as indicators of fruit ripeness. 
Indeed, several studies have shown that fruit flies [14], fruit-eating beetles [15], 
butterflies [16] and moths [17] use the smell of ethanol and other products of 
fermentation, alone or combined, to find food.  
We hypothesized that fruit-eating bats use volatile compounds that change in 
emission rate during ripening as odor cues to discern fruit palatability. Accordingly, we 
predicted that food, emitting volatile compounds at concentrations close to those 
emitted by ripe fruit, will attract fruit bats. Fruit bats will not respond to food emitting 
volatile compounds at concentrations similar to unripe fruit, and will be deterred by 
emissions from overripe, unpalatable fruit. 
3.2 Methods and Materials 
3.2.1 The Experimental Animal 
The Egyptian fruit bat, Rousettus aegyptiacus (Pteropodidae) (mean adult body 
mass = 145.3 ± 2.6 SE g) is the only fruit bat found in Israel. This species feeds mainly 
on fleshy fruit, in particular on figs (Ficus spp.), as well as on leaves and pollen [18]. 
We used Egyptian fruit bats from a colony maintained on the Sede Boqer Campus of 
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Ben-Gurion University of the Negev. The bats were kept in an outdoor flight cage (5 u
4 u 2.5 m) that could be ventilated with an evaporative swamp cooler. The cage's 
chicken-wire sides were covered with cloth that provided 80% shade. The bats' diet 
consisted of locally purchased, seasonal fleshy fruit such as melons, watermelons, 
apples, mangos and bananas that were provided ad libitum.
3.2.2 Plant Material and Collection of Volatile Compounds.
We used two species of fruit consumed by Egyptian fruit bats in the wild, the 
rusty fig Ficus rubiginosa (Family Moraceae) and the date Phoenix dactylifera (Family 
Arecaceae) [18]. Based on skin color, fruits were classified as unripe or ripe. Unripe 
fruit of both species were either green, or yellow. Ripe rusty figs were red to dark red 
and ripe dates brown. After collection, fruit were sealed in plastic bags, and cooled to 2 
- 5 °C and transported to the Life Science Trace Gas Facility of Radboud University of 
Nijmegen, where the volatile compounds were measured within five days of collection 
by proton-transfer reaction mass spectrometry (PTR-MS).  
PTR-MS is based on the soft ionization of volatile substances by proton-
transfer reactions from H3O+ ions [19]. PTR-MS measures volatile organic compounds 
at concentrations down to 0.1 ppbv in real time (~1 sec). We used a modified version of 
the system described by Boamfa et al. [20]. Signals generated by the PTR-MS are 
proportional to the trace gas concentrations in the sample air. After calibration of the 
PTR-MS, we determined acetaldehyde, ethanol and methanol concentrations (in ppbv) 
at 1 atm pressure and room temperature. By accounting for the flow rate (1.0 lh-1), the 
molar mass of each compound and the fresh mass of the fruit we calculated the 
emission rates. 
Glass cuvettes containing the fruit samples were continuously flushed (1 lh-1)
with clean air, or with nitrogen gas containing a low oxygen concentration. The outlet 
flow was connected directly to the PTR-MS. Measurements were made in air at 22 °C 
to simulate the natural conditions in which the bats would smell the volatile 
compounds. We switched from air to nitrogen gas for 3 - 5 h to induce fermentation 
and to identify the gasses emitted. The identification of the gasses was based on the 
mass of the compounds, isotope ratios and solubility in water. In addition, we used the 
difference in compound fragmenting behavior when the drift field (i.e. the kinetic 
energy of the reactant ions in the proton-transfer reaction cell) was varied [21]. To 
further examine the emitted gasses, several fruits were sealed in vials for 2 to 6 h and 
the headspace was analyzed with a gas chromatograph-mass spectrometer system 
(Polaris Q, Thermo Finnigan).  
3.2.3 Ethanol and Methanol as Odor Cues.
In the flight cage, we exposed fruit bats to ethanol or methanol in either 
distilled water, or commercial mango juice (Prigat®) presented in a six-way food-
choice device. We used distilled water, which provides a neutral background not 
related to fruit, as a control. Mango juice is attractive for bats and contains little 
methanol (<0.001%) or ethanol (0.01 - 0.015%). Six identical feeders were suspended 
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from the corners of a hexagon of cardboard (40 cm side) that was secured to the ceiling 
of the flight cage. The apparatus was designed to mimic conditions in which a bat 
forages for fruit on the same branch of a fruiting plant or on branches of different plants 
that are close together.  
To enable bats to learn to use the feeders, we habituated them for 1 - 3 days 
during which we filled a single, randomly-chosen feeder with mango juice. During the 
experiments, two randomly chosen feeders were filled with treatment mixtures. They 
were filled with 15 ml to a fluid level that did not allow the bats to see the contents 
while flying in the cage. After the bat had inspected the cage, or had flown or hovered 
around the feeders, we recorded the first feeder on which it chose to alight. Since the 
food was not visible to the bats, we assumed that they selected the feeder by its odor. If 
the bat went directly to one of the feeders after being released, we disqualified the trial. 
Trials lasted 1 - 10 minutes, but usually for less than 6 min. In total, we used 20 bats in 
the experiments. However, if a bat did not fly around the cage within ten minutes of 
being freed into it, we replaced the animal with another. The observations were done 
under dim red light between 18:00 and 02:00 h.  
We made the following experimental comparisons: 1) ethanol in water vs. 
water; 2) ethanol in fruit juice vs. fruit juice; 3) methanol in water vs. fruit juice; and 4) 
methanol in fruit juice vs. fruit juice. Comparisons 1 and 3 were designed to evaluate 
whether ethanol or methanol by themselves could act as odor cues. Comparisons 2 and 
4 tested whether ethanol or methanol either encouraged or discouraged a bat's food 
choice relative to a constant background odor of a particular fruit. We prepared 
mixtures of distilled water or mango juice with ethanol or methanol a few minutes 
before the start of an experiment.  
Preliminary experiments [22] showed that the amount of ethanol in wild fruits 
eaten by fruit bats varies between 0.02 - 0.2% in unripe fruit and between 0.1 - 0.7% in 
ripe fruit. In the present study, we used v/v mixtures of ethanol in water or mango juice 
at concentrations of 0, 0.01, 0.1, 0.3, 0.5, 0.7, 1 and 2%. The concentrations of 
methanol in wild fruit are unknown, although the methanol concentration in ripe melon, 
Cucumis melo, a fruit readily eaten by bats, is ~0.03% (our own measurement). 
Therefore, we mixed methanol in water or mango juice at 0.001, 0.01, 0.1, and 1%. We 
did two sets of trials, one with ethanol and the other with methanol. In each set, the 
order of presentation of the treatments was randomly chosen.  
3.2.4 Statistical Analyses 
 Spearman’s rank correlation method [23] was used to examine the relationships 
between the emission rates of the volatile compounds and stage of ripening. In 
addition, we used binomial tests [23] to analyze the results of the odor experiments, 
assuming that trials were independent. P < 0.05 was chosen as the lowest acceptable 
level of significance. 
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3.3 Results 
3.3.1 Volatile Compounds Emission under Low Oxygen 
Conditions
Under aerobic conditions, 14 volatile compounds emitted from dates and rusty 
figs were detected, with atomic mass units between 30 and 103. Of these, only ethanol, 
acetaldehyde and acetic acid increased in the headspace of both dates and rusty figs at 
low [O2] (Fig 3.1 A, B, C and D). In both species, acetaldehyde and ethanol were 
considerably more abundant than acetic acid. 
Fig. 3.1 The change from ambient air to low oxygen conditions (N2 treatment) increased the 
emission of acetaldehyde and ethanol (A), and acetic acid (B) from dates (Phoenix dactylifera), 
as well as from rusty figs (Ficus rubiginosa) (C, D). Ion count rate is expressed in normalized 
counts per second (ncps), i.e., the count rate referenced to a fixed number of primary H3O+ ions. 
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Table 3.1. Correlations between the emission rates of ethanol, acetaldehyde, acetic acid and 
methanol, and the stage of ripening of dates and of rusty figs  
Emission rates for dates (ng·h-1·g-1 fresh fruit) (mean ± SE)
Unripe green
(n=3)
Unripe yellow 
(n=4)
Ripe brown 
(n=5)
Rank-
Spearman 
corr coeff.
P
Ethanol 15 ± 3.4 23 ± 7 118 ± 19 0.83 < 0.01 
Acetaldehyde 21 ± 7 31 ± 11 161 ± 31 0.83 < 0.01 
Acetic acid 4.4 ± 1 4.1 ± 0.7 11 ± 1.7 0.66 = 0.02 
Methanol 30 ± 14 28 ± 14 205 ± 28 0.78 < 0.01 
Emission rates for rusty figs (ng·h-1·g-1 fresh fruit) (mean ± SE)
Unripe green
(n=4)
 Unripe yellow 
(n=6) Ripe red (n=6)
Rank-
Spearman 
corr. Coeff. 
P
Ethanol (1.6 ± 0.16)·103 (1.3 ± 0.36)·103 (6 ± 2.8)·102  -0.58 = 0.02 
Acetaldehyde (1.2 ± 0.12) ·103 (1.0 ± 0.26)·103 (4.2 ± 1.9)·102 -0.63 < 0.01 
Acetic acid 82 ± 8 61 ± 15 49 ± 10 -0.41 = 0.12 
Methanol 3.3·102 ± 92 (1.7 ± 0.07)·103 (8.2 ± 1.1)·103 0.94 < 0.01 
3.3.2 Changes in Ethanol, Acetaldehyde, Acetic acid and 
Methanol Emission during Ripening 
The emission rates of ethanol, acetaldehyde and acetic acid in the headspace of 
dates were positively correlated with stage of ripening. In contrast, the emission rates 
of ethanol and acetaldehyde in rusty figs significantly decreased during ripening (Table 
1). The emission of acetic acid was not significantly correlated with stage of ripening 
(Table 1). In fruit of both species, the emission rate of methanol was positively 
correlated with stage of ripening (Table 1). 
3.3.3 Ethanol as an Odor Cue 
Bats were not attracted to any of the mixtures of ethanol in water compared to 
water alone (Fig 3.2A). At low concentrations of ethanol (0.01%, 0.1%, 0.3%, 0.5% 
and 0.7%), bats had no preference for mango juice mixed with ethanol over mango 
juice alone (two-tailed binomial test, P > 0.05 in all cases, Fig 3.2B). However, bats 
preferred the mango juice alone over mango juice mixed with ethanol 
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Fig.3.2 Comparison of the responses of Egyptian fruit bats in odor experiments to (A) ethanol in 
water vs. water and (B) ethanol in mango juice vs. mango juice. In (A), no choice means that the 
bat inspected the feeders but did not settle on any of them, and empty feeder means that after 
inspecting the feeders the bat settled on an empty feeder. Asterisks denote significant differences 
(P < 0.05) from binomial tests. 
at 1% and 2% (two-tailed binomial test, both P < 0.05). These results indicate that 
Egyptian fruit bats might use the smell of ethanol to assess food quality by recognizing 
it when present in relatively high concentrations, and also that it does not serve as a 
short-distance attractant. 
3.3.4 Methanol as an Odor Cue 
Bats visited feeders with mango juice more often than feeders containing 
methanol in water (one-tailed binomial test, all P < 0.05, Fig 3.3A). They had no 
preference for mango juice mixed with different amounts of methanol compared to 
mango juice alone (two-tailed binomial test, all P > 0.05, Fig 3.3B). Thus, Egyptian 
fruit bats were neither attracted nor deterred by the smell of methanol at any of the 
concentrations used in the experiments. 
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Fig. 3.3 Comparison of the responses of Egyptian fruit bats in odor experiments to (A) methanol 
in water vs. mango juice and (B) methanol in mango juice vs. mango juice. Asterisks denote 
significant differences (P < 0.05) from binomial tests.
3.4. Discussion 
We analyzed the volatile products of fermentation emitted by dates and rusty 
figs to test the hypothesis that compounds changing in emission during ripening may be 
used as odor cues by fruit-eating bats. We identified three volatile compounds 
produced by fermentation in both dates and rusty figs: ethanol, acetaldehyde and acetic 
acid. However, we probably did not identify all gaseous fermentation products from 
these fruits. A wide variety of volatile compounds are known to be produced during 
microbial fermentation in fruit, including acids, alcohols, esters, aldehydes, ketones, 
and polyols [24, 25, 26]. Further experiments with more fruit samples and for longer 
times under low [O2] may help to identify more of these compounds. Emission rates of 
ethanol, acetaldehyde and acetic acid in dates all increased from one stage of ripening 
to the next. The opposite occurred with ethanol and acetaldehyde in rusty figs, whereas 
no changes in the emission rate of acetic acid during maturation were detected. Given 
that ethanol and acetaldehyde are the main products of fermentation in both dates and 
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rusty figs, and that their emission rates change during ripening, these molecular species 
appear to be good candidates with which to test our hypothesis. 
In contrast to acetaldehyde, for which only toxic effects are known, ethanol is 
both a nutrient, at low concentrations, and a toxin, at high concentrations [27, 28]. 
Ethanol may have both short- and long-term positive effects on a frugivorous animal 
[29, 30]. Also, ethanol concentration in fruit is correlated with its sugar content [31, 32, 
33] and increases during ripening in several species consumed in the wild by Egyptian 
fruit bats [22].  
Based on the above, we hypothesized that ethanol emitted by food serves as an 
odor cue to Egyptian fruit bats. The bats were not attracted by the smell of ethanol in 
water or in mango juice at concentrations similar to those in ripe fruit, compared to 
mixtures without ethanol. Sánchez et al. [22] suggested that the presence of yeasts in 
fruit, via the ethanol they produce, could increase the probability of visits by potential 
seed dispersers; therefore, over evolutionary time fostering yeast growth may have 
been incorporated into the reproductive strategy of fleshy-fruited plants. We did not 
find evidence to support this hypothesis. 
Janzen [34] suggested that microorganisms and frugivorous vertebrates compete 
for the sugars present in fruit. Consequently, decay-causing microorganisms produce 
compounds toxic to vertebrates, and vertebrates may have developed the means to 
detect those compounds. Our data support Janzen’s hypothesis [34] in that ethanol at 
concentrations greater than 1%, which often characterizes overripe unpalatable fruit, 
elicited avoidance in Egyptian fruit bats. Thus, our results suggest that ethanol at high 
concentrations is used as an odor cue aiding fruit bats to identify low-quality fruit. 
Also the emission rate of methanol changed during maturation, both in dates and 
rusty figs. The increase in methanol is related to fruit softening due to the action of the 
enzyme pectin methylesterase (PME) [35]. PME catalyzes the demethoxylation of cell-
wall pectins, and its synthesis increases during fruit ripening [36, 37]. Given that the 
methanol emission rate is related to changes in fruit quality, we suspected that 
methanol might be used as an odor cue by fruit bats; particularly, as an indicator of 
unpalatability due to its toxic effects. However, in contrast to our prediction, fruit bats 
were neither attracted nor deterred by the smell of methanol in water or mango juice at 
any concentration.  
Cutaneous exposure to methanol, its inhalation or ingestion, can be deleterious 
because methanol is oxidized into formaldehyde and then to formic acid. The metabolic 
acidosis that characterizes methanol poisoning may cause reduced level of alertness, 
visual impairment and even death [38]. Nevertheless, not all mammal species are 
equally sensitive to methanol. Primates appear to be highly sensitive to methanol 
exposure due to their limited ability to catalyze formic acid to carbon dioxide [39]. In 
contrast, rodents are far less sensitive to methanol because they are very competent at 
metabolizing formic acid [39, 40]. It seems that Egyptian fruit bats are not sensitive to 
methanol at the levels presented in our experiments.   
We isolated the effect of the smell of two common aliphatic alcohols present in 
fruit. Our results partially support the hypothesis that volatile compounds that change 
in emission during fruit ripening may be used as odor cues by fruit bats. So far, we 
have no evidence that either ethanol or methanol attract fruit bats, but our results 
suggest that the smell of ethanol at high concentrations may help fruit bats to recognize 
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unpalatable fruit. The possibility still exists that either ethanol or methanol act as 
attractants to fruit bats in synergy with other volatile compounds. Indeed, mixtures of 
different products of fermentation are known to attract fruit-eating moths [17] and 
beetles [15]. In addition, ethanol and methanol might also act as a long-distance cue to 
fruit bats for finding patches of fruiting plants, rather than as a short-distance cue for 
assessing fruit quality.  
Finally, although both ethanol and methanol at high concentrations are likely 
toxic to Egyptian fruit bats, these animals may behaviorally respond more to the 
possible consequences of ethanol ingestion than to the toxic effects of methanol. Thus, 
future studies on the physiology of ethanol and methanol pharmacokinetics in Egyptian 
fruit bats may help us to understand their behavior while selecting food. 
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Chapter 4 
Proton-Transfer Reaction Mass 
Spectrometry as a new tool for real 
time analysis of root-secreted volatile 
organic compounds in Arabidopsis1
Abstract
Plant roots release about 5% to 20% of all photosynthetically-fixed carbon, 
and as a result create a carbon-rich environment for numerous rhizosphere organisms, 
including plant pathogens and symbiotic microbes. Although some characterization of 
root exudates has been achieved, especially of secondary metabolites and proteins, 
much less is known about volatile organic compounds (VOCs) released by roots. In this 
communication, we describe a novel approach to exploring these rhizosphere VOCs 
and their induction by biotic stresses. The VOC formation of Arabidopsis roots was 
analyzed using proton-transfer reaction mass spectrometry (PTR-MS), a new 
technology that allows rapid and real time analysis of most biogenic VOCs without 
preconcentration or chromatography. Our studies revealed that the major VOCs 
released and identified by both PTR-MS and gas chromatography-mass spectrometry 
were either simple metabolites, ethanol, acetaldehyde, acetic acid, ethyl acetate, 2-
butanone, 2,3,-butanedione and acetone, or the monoterpene 1,8-cineole. Some VOCs 
were found to be produced constitutively regardless of the treatment; other VOCs were 
induced specifically as a result of different compatible and non-compatible interactions 
between microbes and insects and Arabidopsis roots. Compatible interactions of 
Pseudomonas syringae DC3000 and Diuraphis noxia with Arabidopsis roots resulted in 
the rapid release of 1,8-cineole, a monoterpene that has not been previously reported in 
Arabidopsis. Mechanical injuries to Arabidopsis roots did not produce 1,8-cineole nor 
any C6 wound-VOCs; compatible interactions between Arabidopsis roots and 
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Diuraphis noxia did not produce any wound compounds. This suggests that 
Arabidopsis roots respond to wounding differently from above-ground plant organs. 
Trials with incompatible interactions did not reveal a set of compounds that was 
significantly different compared to the non-infected roots. The PTR-MS method may 
open the way for functional root VOC analysis that will complement genomic 
investigations in Arabidopsis. 
4.1 Introduction 
The current rise in global atmospheric CO2 concentration reinforces the need 
to improve our knowledge of the below-ground carbon cycle [1, 2]. An understanding 
of the mechanisms that regulate the quantity and quality of carbon delivered beneath 
the ground is an essential prerequisite for predicting the ecosystem response to global 
climatic changes. Elevated CO2 generally stimulates primary biomass production [3, 4], 
which suggests greater delivery of carbon to the soil through enhanced rhizodeposition 
[1, 5]. It is becoming clear that through the exudation of a wide variety of compounds, 
roots may regulate the soil microbial community in their immediate vicinity, cope with 
herbivores, encourage beneficial symbioses, change the chemical and physical 
properties of the soil, and inhibit the growth of competing plant species and 
communicate with other species [6, 7, 8, 9, 10]. The chemicals released into the soil by 
roots are broadly referred to as root exudates. It is estimated that 5% to 20% of all 
photosynthetically fixed carbon is eventually transferred to the rhizosphere in this 
manner [11]. Exudation represents a significant carbon cost to the plant, but a detailed 
characterization of these exudates and the mechanisms by which exudation occurs is 
only beginning to be undertaken. Root exudates include low Mr compounds like amino 
acids, organic acids, sugars, phenolics, and various secondary metabolites and high Mr
compounds like mucilage and proteins [12]. Although some chemical characterization 
of root exudates has been achieved for secondary metabolites, carbohydrates, and 
proteins [10, 13, 14], much less is known about the volatile organic compounds 
(VOCs) released by roots.  
In contrast, the large variety of VOCs emitted by the aerial parts of green 
plants has been described and characterized [15, 16] and recent efforts have revealed 
that such VOCs are indicators of diverse biological processes [17]. For example, the 
leaves of plants are major emitters of methanol derived from cell wall synthesis, light-
dependent emissions of isoprene or methylbutenol originating in chloroplasts, and 
monoterpenes released from resin ducts or glands. Leaves and stems damaged by 
herbivory or infectious microbes release a wide array of volatile wound compounds 
[17, 18]. In addition, smaller amounts of volatile hormones are released by the above-
ground portion of plants; these have been characterized as ethylene and derivatives of 
salicylic acid or jasmonic acid and serve roles in long-distance communication [19, 20]. 
It is noteworthy that VOCs released by intact plants can be powerful indicators of 
underlying metabolic processes. For example, Van Poecke et al. [21] demonstrated that 
the treatment of Arabidopsis plants with caterpillars leads to the appearance of several 
green leaf volatiles (i.e. wound compounds derived from hexanal and hexenal), plus 
volatile nitriles, the monoterpene myrcene, and methyl salicylate. The latter compounds 
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were primarily produced in caterpillar-infested plants and not by physical wounding, 
and may serve as volatile attractants for parasitic wasps that attack the caterpillars. 
Numerous other recent examples of complex plant-insect interactions mediated through 
volatile signals have been reviewed by Gatehouse [22]. It is noteworthy that the 
sampling and analysis of plant VOCs by gas chromatography (GC) or gas 
chromatography-mass spectrometry (GC-MS) methods can be very time-consuming 
and until recently it has generally not been feasible to follow the kinetics of formation 
of VOCs following most kinds of biotic stresses. Here, we propose the use of a new 
tool to study real-time emission of VOCs in plant biology. 
Fig 4.1. A, Prototype of the PTR-MS used in our studies. Air is pumped through a drift tube by a 
mechanical pump. H3O+ ions are produced in a side arm by electron impact ionization of a 
He/H2O mixture. Organic trace gases are ionized in the drift tube by proton transfer reaction 
with H3O+, mass selected with a quadrupole mass detector and detected with a conversion 
dynode electron multiplier (CDEM). B, Schematic diagram of the gas inlet system for the PTR-
MS used in analysis of Arabidopsis root VOCs. C, Prototype of the Erlenmeyer flask used to 
culture Arabidopsis roots and for the analysis of root-derived VOCs 
Proton-transfer-reaction mass spectrometry (PTR-MS) is a relatively new 
technique that has emerged as a useful tool for monitoring VOCs (for review, see [23, 
24]). In PTR-MS, the sample air is continuously pumped through a drift reactor, where 
the VOCs react with H3O+ ions that are added for this purpose from an ion source (Fig. 
4.1, A and B). VOCs with a proton affinity higher than that of water (166.5 kcal mol-1), 
which includes most unsaturated and almost all oxygenated hydrocarbons, undergo a 
proton-transfer reaction with H3O+: H3O+ + R Æ RH+ + H2O. At the end of the drift 
tube reactor a fraction of the ions is sampled by a quadrupole mass spectrometer, which 
measures the H3O+ and RH+ ions. The ion signal at a certain mass is linearly dependent 
on the concentration of the precursor VOC in the sample air. In PTR-MS only the mass 
A
B
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of VOCs is determined, which is a valuable but not a unique indicator of the identity of 
a VOC. Obviously the technique does not allow a separate detection of different VOCs 
with the same mass, and a further overlap of ion masses is caused by a limited degree 
of ion fragmentation and ion clustering in the drift tube. A weakness of the technique is 
therefore the identification of unknown VOCs in a sample. However, the strength of 
PTR-MS includes the monitoring of VOCs that are known to be present, with a much 
higher measurement frequency (one measurement per second) than allowed by any of 
its alternatives such as GC-MS (typically one measurement per 30 min). Also, the lack 
of sample treatment in PTR-MS allows the detection of species such as organic acids, 
peroxides, and doubly oxygenated species that are difficult to measure otherwise. 
PTR-MS is thus a more general detection method than for example GC-MS, 
in which different columns may be required to target different classes of compounds. 
The technique thus allows a rapid screening for the presence of VOCs: a single mass 
scan can indicate the relative abundance of VOCs and can provide important 
information about the identity, which can then be confirmed by alternative methods.  
Since 1998, PTR–MS has been used in a large number of laboratory and field 
studies of the biogenic VOCs released from vegetation to the atmosphere. Some recent 
examples include the fluxes of VOCs from a subalpine forest [25], emissions of VOCs 
from drying hay crops [26], measurement of the kinetics of VOC release from leaves 
during light-dark transitions [25], and the 13CO2 labeling of isoprene released from 
cottonwood and other leaves [27].  
The release of VOCs in the root zone of plants has not been the subject of 
detailed study, and it should be noted that very few studies of insect-induced root 
volatiles have been reported [28]. Similar to the above-ground scenario, we 
hypothesize that countering a potential challenge, roots may respond by secreting 
certain chemicals, such as VOCs, that could act as signaling agents in the air spaces in 
the root and soil zone. It is well known that some metabolic VOCs, such as 
acetaldehyde and ethanol, are formed in flooded roots [29], but the measurement of 
volatiles formed in roots subjected to biotic stresses has received very little attention. 
Our interest in roots in this study was 2-fold. First, the characterization of root volatiles 
may open new biological frontiers by identifying rhizospheric chemical-ecological 
interactions mediated by VOCs such as those that occur in the above-ground parts of 
the plant. Second, we hypothesize that the quantitative and qualitative emission of 
VOCs by roots, as measured by PTR-MS, may be significantly different than those 
released from the aerial parts of the plant, thus providing VOC signatures of biotic 
stresses to roots. In this communication, we have developed a new experimental system 
using PTR-MS to study the complete set of emitted VOCs from cultured roots of 
Arabidopsis. Because PTR-MS allows simultaneous, real time analysis of most 
biogenic VOCs, we were able to follow the kinetics of induction of root-derived VOCs 
and related systemic VOCs after elicitation with biotic stresses.  
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4.2 Materials and Methods 
4.2.1 Plant Material 
Seeds of wild-type Arabidopsis ecotype Columbia (Col-0) were obtained 
from Lehle Seeds (Round Rock, TX). Seeds were surface-sterilized using commercial 
sodium hypochlorite (0.3% v/v) for 10 to 12 min and then washed 4 times in sterile 
double distilled water. Surface-sterilized seeds were placed on static Murashige and 
Skoog (MS, [30]) basal media in petri dishes for germination and incubated in a growth 
chamber at 25°C ± 2°C with a light intensity of 80 μmol m-2 s-1.
4.2.2 Root Cultures 
Shoot cultures of Arabidopsis were placed separately in Magenta GA-7 
vessels containing MS basal medium solidified with 0.3% (w/v) Phytagel (Sigma, St. 
Louis). Cultures were kept in a light chamber maintained at 24°C with a fluence rate of 
100 μmol m-2 s-1. In order to produce hairy root cultures, 1-month-old in vitro plants
were infected with a 3-d-old culture of Agrobacterium rhizogenes (ATCC 15834). 
Briefly, stems and leaves were punctured in several places, inoculated with A.
rhizogenes, and then placed in a light chamber. Roots that developed at the infection 
sites were transferred to petri dishes containing solid MS basal medium supplemented 
with 250 μg mL-1 Claforan (Hoechst Roussel Pharmaceuticals, Somerville, NJ) and 
incubated in the dark chamber at 25°C ± 2°C. After 14 d, 1-cm root tips were 
subcultured twice to eliminate the bacteria before transferring them to fresh medium in 
the absence of antibiotic. Clonal root lines were established after serial transfers of root 
tips to fresh MS medium and placed on a gyratory shaker set at 90 rpm in the dark 
chamber. Root cultures were subcultured on a weekly basis. In all experiments an 
initial biomass of approximately 500 mg was used for 40 mL of culture medium.  
4.2.3 Abiotic Material 
Arabidopsis roots were subjected to multiple abiotic chemical elicitors and 
biotic fungal cell wall elicitors by supplementing the 40 mL of liquid MS medium. 
Initial pilot experiments were performed to determine the final elicitor concentration 
for the treatments [8]. Elicitor concentrations were selected on the basis of inducing 
maximum root secretion and avoidance of tissue toxicity. Roots were treated with the 
following: 200 μM jasmonic acid, fungal cell wall elicitors from Rhizoctonia solani (3 
mL v v-1). The solution of jasmonic acid was prepared in ethanol and fungal cell wall 
elicitors were prepared and administered as previously described by [31].  
4.2.4 Biotic Material 
Bacterial and Fungal Strains and Culture Conditions 
Pseudomonas syringae pv tomato DC3000 (Pst DC3000) and Alternaria
brassicola, wild-type isolates, were obtained from the laboratory of Dr. Christopher 
Lawrence (Department of Bioagricultural Sciences and Pest Management, Colorado 
State University); they were maintained and grown on Luria-Bertani (LB) and potato 
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dextrose agar (PDA) media and incubated at 37°C. Phytophthora infestans (US11), 
Pythium ultimum, and Bacillus subtilis were obtained from the microbial culture 
collection at Colorado State University. Escherichia coli (OP50) was obtained from the 
laboratory of Dr. Frederick Ausubel (Department of Molecular Biology, Harvard 
Medical School). Freshly plated bacterial cells from frozen stock cultures were used for 
all experiments. 
All bacterial strains were plated on LB agar and incubated at 37°C. Plated 
cells were suspended in 5 mL LB broth for overnight growth and shaken at 250 rpm at 
37°C.
Insect Cultures  
Colonies of Russian aphids (Diuraphis noxia) were obtained from the 
laboratory of Dr. Nora Lapitan (Department of Soil and Crop Sciences, Colorado State 
University) and were maintained in large sealed cages on wheat (Triticum aestivum)
plants at 25°C under a 12-h photoperiod.  
Bacterial, Fungal and Insect Bioassays 
We used bacterial (P. syringae pv tomato DC3000) and fungal (A.
brassicola) pathogens that infect Arabidopsis roots for modeling compatible 
interactions, and P. infestans/P. ultimum (fungi) and B. subtilis/E. coli (OP50;
bacterium) for the incompatible interactions. In this manuscript we refer to compatible 
interactions as the associations between roots and other organisms that lead to infection 
or infestation. Incompatible interactions are associations that do not produce either 
infection or infestation. The infections were conducted by independently adding fungal 
spores and bacterial colonies to the liquid medium in which 15-d-old Arabidopsis hairy 
roots were grown. The PTR-MS analysis was initiated post infection and continued on-
line for several hours; Each reading was obtained three times to ensure repeatability. It 
is possible to run this type of instrument essentially unattended for prolonged periods 
(up to 24 h) if necessary. We added fungal spores and bacterial colonies to liquid 
medium without plants and monitored the production of VOCs by the pathogens; this 
production was used for comparison/subtraction purposes. The disease progression 
(compatible interactions) and pathogen growth (incompatible interactions) were rated 
and compared for their ability to produce VOCs.  
Both compatible and incompatible bacterial strains were grown to OD600 = 
0.2 to 0.4 and added separately to the 40mL of MS media supporting each root culture 
to reach an initial OD600 = 0.02. MS basal media without root material was inoculated 
with the same volume of each bacterial strain tested. A non-infected root control was 
maintained under the same conditions. All the treatments and controls were incubated 
at 30°C in an incubator shaker (New Brunswick Scientific, Edison, NJ) set at 30 rpm 
with a photoperiod of 16 h light and 8 h dark. Each experiment was repeated twice with 
5 replicates.
For fungal pathogenesis assays, fungi were harvested for sporangia by 
rinsing the plates with 5 mL sterile distilled water. Sporangial suspension concentration 
was estimated using an Ultra Plane Improved Neubauer cell counting chamber 
(Scientific Products, West Sussex, UK) and adjusted to 1·105 sporangia ml-1. The 
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sporangial suspension was then placed in a 4°C cold treatment for 4 h to induce the 
release of spores [32]. Light microscopy confirmed the lysis of sporangia by 
observation of motile spores. Spore suspension (500 mL) was added to each treatment 
with Arabidopsis root cultures. MS basal media without root material was inoculated 
with the same volume of each fungal strain tested. A non-infected root control was 
maintained under the same conditions. All the treatments and controls were incubated 
at 25°C in a controlled environment incubator shaker (New Brunswick Scientific) in 
dark conditions with 80% humidity. Each experiment was repeated twice with 5 
replicates.
Root-aphid interactions were studied using 20 D. noxia aphids (10 adults, 10 
nymphs). Aphids were confined to the floating roots. Adults comprised of only females 
were allowed to reproduce asexually during the experiments (60 aphids by 72 h). VOC 
analysis was done from 0-time for several hours post-aphid inoculation. Each 
experiment was repeated twice with 5 replicates. The comparison of measurements of 
mechanical wounding was begun with a measurement of untreated roots. After a few 
hours the roots were cut with a scalpel; after wounding, the measurements were 
continued for 3 to 4 h. 
PTR–MS
All analyses of root samples were performed using a custom-built PTR-MS 
instrument, illustrated in Fig 4.1A. The PTR-MS technique is described in detail 
elsewhere [23]; hence, it is only described briefly here. The instrument consists of three 
parts: an ion source where H3O+ ions are produced, a drift tube section where proton-
transfer reactions between H3O+ ions and VOCs take place, and an ion detection section 
consisting of a quadropole mass spectrometer. The ion source and drift tube were 
modeled after that of a commercially available PTR-MS instrument (Ionicon, 
Innsbruck, Austria); the detection end contained an Extrel quadrupole mass filter and a 
conversion dynode electron multiplier to detect ions. The product ion mass is a useful 
but not unique indicator of the identity of a VOC. It is clear that different VOCs with 
the same mass cannot be separately measured. Moreover, product ion fragmentation, 
cluster ion formation, and secondary ion-molecule reactions all lead to further mass 
overlap, which can make the interpretation of the mass spectra a daunting task. A 
combination of PTR-MS with a gas-chromatographic preseparation of VOCs has been 
used to identify which VOCs contribute to the signals at different masses [33, 34, 35]. 
The results indicate that many VOCs of interest can be measured by PTR-MS without 
significant interference. GC-MS analyses were performed here to confirm the VOC 
identities by an alternative method.  
In this study, PTR-MS was used for on-line measurements of VOCs in the 
headspace of Arabidopsis roots. To monitor the emissions from the roots, 1 week 
before VOC measurement the root cultures (500 mg/40 ml culture) were transferred to 
150 mL Erlenmeyer flasks, closed with a glass top possessing a gas inlet and a gas 
outlet (one-quarter inch; Fig. 4.1C). Each root culture was transferred in one sample 
flask at a time, and could be put in the gas-inlet system of our PTR-MS. Here it was 
continuously flushed with dry air, at a flow rate of 50 to 75 sccm (cm3 min-1 at standard 
temperature, 273 K, and pressure, 1 atm), depending on the emission rate of the roots. 
In this way, the headspace of the roots was renewed every 2 to 3 min. The air leaving 
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the sample flask was led toward a reduction valve to reduce the pressure from 
atmospheric pressure to about 2.5 mbar in the drift tube reaction chamber of the PTR-
MS (Fig. 4.1, A and B). This reduced pressure of 2.5 mbar (1.80 Torr) is the pressure 
under which the reaction chamber is typically operated. Because the flow through the 
sample flask is higher than the flow needed in the PTRMS (25 sccm), part of the flow 
is split off and channeled out into the laboratory through an overflow-outlet just before 
the reduction valve. In this way the roots were under atmospheric pressure while being 
monitored. From the flask to the entrance of the PTR-MS, only Teflon tubing, 
connectors, and valves were used to reduce memory effects due to surface interactions 
in the inlet system.  
Initially, the root samples were inoculated with various organisms; after a 
few hours, mass spectra were measured to determine which masses should be 
monitored on-line. Eventually 39 masses, including primary ions, were chosen and 
monitored simultaneously with an integration time of 1.1 s per mass. This system 
resulted in one data point every 45 s. Some of these masses corresponded to a cluster or 
a fragment of the parent ion, and some corresponded to the same compound containing 
one 13C- or 18O-isotope. Measurements were extended over either a 24 or a 40 h period. 
The sample was placed in the inlet system of the PTR-MS and after about 1.5 h the 
roots were infected with the treatments and monitored for the prolonged period (24 h).  
Detected signals of identified compounds are given as production rates in mg 
h-1, based on their concentrations in the sample air and calculated according to the 
equations in Lindinger et al. [23]. Reaction constants were also taken from this study, 
where for unknown reaction constants the average value of 2.0 · 10-9 cm3 s-1 was used. 
These assumptions were verified by comparing the calculated concentrations with the 
results from calibrations [35]. In addition, the stability of the instrument’s response was 
shown to be constant within a few percent by de Gouw et al. [36] using calibrations 
over a 4-week period. Volatiles are mainly emitted into the liquid in which the roots are 
submerged, out of which the gases subsequently partition into the sample air. Since 
there are major differences in Henry constants (indication of equilibrium ratio between 
gas phase and liquid phase concentrations) between different compounds [37], ratios 
between compound concentrations in the gas phase do not necessarily correspond to the 
ratios of the actual emission rates from the roots. Production rates in this work are 
given disregarding partitioning effects from liquid to gas phase. Therefore, the values 
of the production rates should be used with some caution. Each experiment was 
repeated three times with 5 replicates. 
GC-MS Verification of VOCs 
The GC-MS used was developed and operated at the NOAA Aeronomy 
Laboratory. It is described in detail by P.D. Goldan (unpublished data) and is only 
briefly outlined here. Two 5-min samples are automatically acquired simultaneously 
from the same source, are cryogenically concentrated in separate sample loops and 
analyzed in parallel on 2 different analytical columns: a 30-m x 0.35-mm Al2O3 column 
(Chrompack, Middleburg, The Netherlands), carrier gas H2 at 1.6 sccm, equipped with 
a Flame Ionization Detector and a 30-m x 0.25-mm DB624 column (J&W Scientific, 
Folsom, CA), and carrier gas He at 2 sccm, equipped with an Agilent 5973 mass 
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selective detector, using electron impact ionization. The Al2O3/FID column and 
detector combination provides quantitative analysis of C2 through C5 alkanes and 
alkenes and acetylene. The DB624/MSD column and detector combination provides 
quantitative analysis of C5 through C10 alkanes, C5 through C7 alkenes, C1 through C7
alchols, C3 through C7 ketones, C2 through C7 aldehydes, C6 through C9 aromatics, and 
C10 monoterpenes. This system is capable of 1 complete sample acquisition and 
analysis cycle each 30 min. All compound identifications and quantitations are 
supported by gravimetrically prepared calibration standards of the pure compounds.  
Flasks under study were flushed with dry VOC free zero air at 180 sccm and 
samples for analysis were drawn from this stream after a 25 min flushing time. To 
avoid detector saturation from the high ethanol concentrations observed to be in the 
sample gas, flush air from the flasks under study was accumulated for only 10 s out of 
the 5 min automated sample acquisition period; the remainder of the sample (i.e. 
96.7%) was zero air.
Once the observed compounds have been unambiguously identified by GC-
MS, PTR-MS is an ideal tool to investigate temporal changes of VOC production in the 
root system and can give valuable information on the underlying metabolic processes. 
4.3 Results 
4.3.1 PTR-MS and GC-MS Analysis of Root Volatiles 
The VOC concentrations in the headspaces of the flasks containing 
Arabidopsis root cultures were measured on-line using PTR-MS; the experimental set-
up is shown in Fig. 4.1. The PTR-MS instrument is capable of rapid mass scans of 
VOCs in such air samples. Fig 4.2 shows a typical mass scan result obtained with 
microbe-infected roots. In order to identify the VOCs corresponding to these signals, 
GC-MS measurements were performed on headspace samples from parallel root 
cultures. In Table 4.1, the major compounds induced upon microbial treatments that 
were identified using both GC-MS and PTR-MS are given together with their 
corresponding masses in PTR-MS. Most compounds are observed at more than one 
mass because of fragmentation of the parent ion (RH+) or clusters of the parent ion with 
water (RH+ · H2O) or their own neutral molecule (R · RH+). Typically, however, there 
is a unique, characteristic mass for a particular VOC. For Arabidopsis roots, such 
marker masses included methanol (m33) (the quadrupole mass spectrometer formally 
only determines the mass-to-charge ratio of ions. Because only singly charged ions 
play a role in PTR-MS, we simply refer to ions by their mass in this paper), 
acetaldehyde (m45), ethanol (m47), acetone (m59), acetic acid (m61), 2-butanone 
(m73), 2,3-butanedione (m87), and ethyl acetate (m89). The GC-MS and PTR-MS 
results were in close agreement, and when treated roots were monitored by both 
methods, more than 90% of the PTR-MS signals corresponded to compounds identified 
by GCMS. Only two peaks in the GC-spectra remained unidentified, while two masses 
(61 and 75 amu) in the PTR-MS spectra could not be found in the GC-spectra. The 
signal at mass 61 could not be explained by fragmentation of product ions at a higher 
mass. This mass is believed to correspond to acetic acid, which was not detectable by 
the GC-MS set-up used here.  
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In Fig 4.3A, a total ion count (TIC) chromatogram obtained by GC-MS can 
be seen (top section). Usually, GC-MS systems are operated in TIC mode, where the 
whole mass range is scanned continuously. The disadvantage of this is that it only 
shows strong signals. The picture is blurred by a high oxygen background and high 
statistical noise because of the high scanning speed. 
To improve the sensitivity, specific ions are selected to be monitored (5–6 
masses per specific time interval). The combination of ions is chosen in such a way that 
the compounds coming out can still be detected. They can subsequently be identified 
from a library, according to their retention time and remaining mass spectrum. The 
result for mass 43 amu, which is a very common fragment among VOCs, is shown in 
the bottom section (Fig. 4.3B). Since the fraction at this mass varies considerably 
among different compounds, no conclusions on relative intensity can be drawn from 
this picture. But it can be clearly seen that the selection of ions improves the sensitivity 
enormously. The selected ion mode in GC-MS is particularly suitable for detecting 
known compounds and determining their concentrations and less suitable for finding 
(un)known compounds and identifying them. This is reflected by the two unidentified 
peaks. Unsure identifications of the major compounds have been checked using 
permeation tubes of the pure compounds. In this way, most compounds could be 
positively identified and, in general, more than 90% of the PTR-MS signal has been 
validated by GC-MS. 
4.3.2 PTR-MS Analysis of Root VOC Emissions Elicited by 
Pathogenic Bacteria 
Our experiments utilized Arabidopsis roots grown under sterile conditions 
(Fig. 4.1C) and challenged with different compatible and incompatible organisms. In 
this communication, we define compatible interactions as the association between a 
plant and an organism that results in infection or infestation.  
The resulting changes in the VOC production patterns were then monitored 
continuously by PTR-MS. As an example of this approach, roots were separately 
treated with the compatible bacterial pathogen, Pseudomonas syringae pv tomato 
DC3000 (Pst DC3000), and the incompatible bacterium, Escherichia coli (OP50); the 
resulting PTR-MS mass scans were used to reveal the patterns of VOC elicitation by 
the microbes. These different treatments were applied to the media solution in which 
the Arabidopsis roots were submerged, and thus the roots were the only plant organs 
that sensed the elicitation regimes. A typical VOC spectrogram is reproduced in Fig 
4.2.
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Fig 4.2. A typical PTR-MS mass scan of VOCs produced by Arabidopsis roots inoculated with a 
pathogenic bacterium P. syringae (compatible; A) and a nonpathogen E. coli (incompatible; A) 
as compared to the untreated control (B). Arabidopsis roots were infected at time zero and 
samples were taken regularly until 150 h. Some identified VOCs elicited by the pathogen are 
indicated on the figure. 
Table 4.1. Masses (amu) of ions produced and detected by PTR-MS upon in situ interaction of 
Arabidopsis in roots with Pseudomonas syringae (DC3000). Masses were subsequently 
confirmed by GC-MS. 
Compound Primary PTR-MS Masses  Secondary Masses  
Ethanol 47 65, 93 
Ethyl acetate 89 43, 61, 71 
2,3-butanedione 87 43, 61 
Acetaldehyde 45 63 
Methyl ethyl ketone 73 - 
Acetic acid 61 43 
1,8-Cineole 155 81,137 
acetone 59 41 
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The addition of compatible Pst DC3000 to roots resulted in altered emission 
of numerous VOC masses, as detected by PTR-MS. Qualitatively, addition of the 
pathogen greatly increased the headspace concentrations of ethanol, which is detected 
at masses 47 (RH+), 65 (RH+·H2O) and 93 (RH+·R) in this experiment. Due to the high 
ethanol concentration, the signals at 65 and 93 amu, which are only a few percent of the 
primary detection ion at 47 amu, are also clearly visible in Fig 4.2A. Also detected in 
the experiment are an unknown VOC at mass 75, and a VOC at mass 137, which was 
shown by GC-MS to be 1,8-cineole (it also produces a fragment at m81). Other 
qualitative changes in VOC concentrations can also be seen in Fig 4.2; these are 
discussed in more detail below.  
Incompatible interactions with Arabidopsis roots were not extensively 
studied, but measurements of these interactions showed no significant differences 
compared to the measurements of untreated control plants. 
Fig 4.3. A) Total ion chromatogram (TIC) of masses 30 through 150 amu of headspace sample 
from Arabidopsis roots upon interaction with P. syringae. In this operating mode, only high 
concentration compounds can be observed and identified. B) Mass 43 from a selected ion 
monitoring mode chromatogram from same source. Higher sensitivity is achieved by selecting a 
small number of ions (3–6) to be monitored for short period “windows”. Masses are selected 
from prior knowledge of compound retention times and electron impact mass spectra. Mass 43, 
being a very common NMHC fragment, is monitored most of the time (except for a small time 
period between approximately 6.9–7.5 min). Most compounds that were identified as mediated 
by the plantpathogen interaction can be observed in this figure (numbered peaks). The numbers 
correspond to: (1) ethanol, (2) acetone, (3) 2,3-butadione, (4) 2-butanone, (5) ethyl acetate, and 
(6) 1,8-cineole. Depending on the compound, this GC-MS can be up to 100 times more sensitive 
than PTRMS. The peaks indicated by capitol letters were found by GC-MS at concentrations too 
low to be reliably observed by PTR-MS. They are: (A) i-propanol, (B) n-propanol, (C) unknown, 
(D) 2-pentanone, and (E) possibly chloroacetone. Since the relative intensity of the mass 43 
fragment varies greatly among the compounds seen, relative peak heights do not represent 
relative concentrations in the sample.
A B
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4.3.3 Kinetics of VOC Concentration Changes Following 
Treatment of Roots with Pst DC3000 
The PTR-MS instrument can be programmed to carry out time scans for 
selected VOC masses following the administration of a biological stress. A typical 
PTR-MS time scan of Arabidopsis root head space VOCs following the introduction of 
Pst DC3000, compared to untreated control roots or media containing no roots, is 
shown in Fig 4.4. Two different control experiments have been carried out. In Fig 
4.4A, the emissions by pure cultures of Pst DC3000 added to plant root culture media 
are shown. Fig 4.4B depicts the emissions by untreated roots under experimental 
conditions. The control experiments show relatively low levels of VOCs in the media, 
primarily ethyl acetate, and reveal that the root culture forms small but significant 
amounts of acetaldehyde, ethanol, acetone, and 2,3-butanedione (VOC production rates 
of <1 mg h-1 are considered here as insignificant, background levels). Immediately after 
the introduction of Pst DC3000, the production of VOCs at rates above 1 mg h-1 at 
several different masses increased significantly and continued for more than 40 h after 
infection (Fig. 4.4C). 
Most notable were: a rapid increase and then slow decline in ethanol, a lag 
then large emission of ethyl acetate, a substantial rise in acetic acid levels, and an 
almost instantaneous spike in concentration of the monoterpene 1,8-cineole followed 
by its slow decline. It was observed that some VOCs declined after addition of the 
pathogen; for example, acetone levels were greatly reduced (compare Fig. 4.4, B and C, 
right section). 
Acetaldehyde and ethanol were produced in both the infected and the 
uninfected root samples; the variation with time of acetaldehyde and ethanol varied by 
about one order of magnitude over repeated measurements (data not shown). 
The extensive deterioration associated with cell death would most likely lead 
to increased VOC release upon whole root colonization by Pst DC3000 (see further 
evidence below in Fig. 4.6A). 
4.3.4 Root VOCs Resulting from Fungal Pathogens, a 
Root-Feeding Insect, or Wounding 
Using the experimental set-up and PTR-MS method described here, we 
carried out exploratory experiments to determine if other biotic or physical damage to 
Arabidiopsis roots might lead to the release of sentinel VOCs. These results are briefly 
summarized here. The compatible interaction between Arabidopsis roots and the 
pathogenic fungus Alternaria brassicola resulted in a clear change in VOC emission 
pattern. Fig 4.5A shows that the ion signals at 47, 59, 61, 81, and 89 amu were 
enhanced by up to two orders of magnitude as a result of A. brassicola infection. These 
signals are attributed to ethanol, acetone, acetic acid, 1,8-cineole, and ethyl acetate, 
respectively. The A. brassicola induced release of large amounts of ethanol (also seen 
following infection with Pst DC3000), as observed in the present treatment, suggests 
that upon addition of a root pathogen the Arabidopsis roots rapidly switch to 
fermentative metabolism like that seen in anoxic roots [29, 38]. As seen with the 
treatment with the bacterial pathogen, 1,8-cineole again showed an instant spike post-A. 
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brassicola infection followed by reduced concentrations of the monoterpene until the 
end of the time scan at 24 h (Fig. 4.5A). In contrast to the infection with Pst DC3000, 
2-butanone (m73) and 2,3-butanedione (m87) were not found to be produced as a plant 
response to infection with A. brassicola (compare Figs. 4.4 and 4.5A).  
Fig 4.4. This PTR-MS-derived kinetic profile of VOCs of Arabidopsis roots infected with Pst 
DC3000 was analyzed during a time scan. Immediately after infection with Pst DC3000, the 
production of positive ions at several different masses increased significantly; this pattern 
continued until 40 h after infection. Section A shows the control measurement of the pure 
cultures of microorganisms in plant root culture media, in the absence of roots. Section B shows 
measurement results versus time of the untreated control Arabidopsis roots. Section C depicts 
the VOC measurement results versus time of the Pst DC3000-treated Arabidopsis roots. It was 
observed that some of the breakdown compounds such as ethyl acetate, acetic acid and 2-
butanone were elicited for a longer duration post-Pst DC3000 infection. The monoterpene 1,8-
cineole showed an instant spike post-Pst DC3000 infection followed by reduced titers until the 
end of the time scan at 40 h. Note: Eight different masses (compounds) were analyzed in each 
treatment (A–C) corresponding to the left and right sections. 
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Fig 4.5. A, PTR-MS-derived kinetic profile of VOCs of Arabidopsis roots infected with A. 
brassicola as analyzed during a time scan. Immediately after infection with A. brassicola, the 
production of positive ions at several different masses increased significantly; this continued 
until 20 h after infection. Section B depicts the VOC measurement results versus time of 
Arabidopsis roots treated with D. noxia. The D. noxia treatments resulted in induction of 
product ion signals corresponding to ethanol, ethyl acetate, 2-3-butanedione, and acetaldehyde. 
Titers of 1,8-cineole (m81) started out with a high and instant peak, only to reach the starting 
value approximately 20 h post-aphid administration. Section C shows the VOC emissions from 
Arabidopsis roots upon mechanical wounding (at t = 145 min) as measured with the PTR-MS 
instrument. After wounding, no typical wound compounds were observed. 
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Acetone and acetic acid, on the other hand, clearly increased about one order of 
magnitude as a response to infection. No biological explanation exists at present for the 
release of acetaldehyde, acetone, acetic acid, and ethyl acetate by Arabidopsis roots 
upon infection with A. brassicola.  
Notably, treatment of Arabidopsis roots with the incompatible fungi, Pythium
ultimum or Phytopthora infestans, did not elicit major changes in VOC formation by 
treated roots (data not shown). Our studies revealed that plant roots do respond to aphid 
interactions by releasing specific VOCs and that a Russian aphid (Diuraphis noxia)
may be a compatible pest for Arabidopsis roots. The D. noxia treatments resulted in 
induction of ethyl acetate (m89) and acetaldehyde (m45) masses (Fig. 4.5B). Unlike the 
observed increase of acetone in A. brassicola infection treatments, acetone 
concentrations remained low during the entire observed aphid infestation. 
The production rate for acetaldehyde was found to remain at the same level 
for treated and untreated roots, while the ethanol production was increased by a factor 
of 10 to 20. Acetone (m59) was found to be emitted in the same amounts from the 
untreated roots as from the infected roots. Interestingly, concentrations of 1,8-cineole 
(m81) again started out with a high and instant peak, only to reach the starting value 
approximately 20 h post-aphid administration (Fig. 4.5B).  
The aerial parts of plants are well known to respond to insect feeding and 
damage by rapid release of volatile wound compounds, such as the hexanal and hexenal 
families of C6-VOCs [17]. In the experiments with D. noxia, we did not see these 
wound compounds. In order to check the ability of Arabidopsis roots to emit C6 wound 
VOCs, PTR-MS measurements were done on physically-wounded roots. For this, 
noninfected root samples were placed in the Erlenmeyer flasks and the air flushed 
through the headspace was collected and analyzed. After about 2 h of measurements, 
the flask was opened and the roots were cut in several places with a scalpel. After 
wounding, the root system was monitored for an additional 3 h, during which time any 
wound compounds should have come up and decreased again [39]. As seen in Fig 
4.5C, roots did not respond to mechanical injuries by increasing or decreasing any 
production rate of C6 VOCs. The vertical lines indicate the moment of wounding. The 
small peaks immediately after the vertical line are caused by pressure changes due to 
opening of the inlet system.  
To confirm if the compatible microbes (Pst DC3000, A. brassicola and D. 
noxia) caused any disease symptoms in Arabidopsis roots, 2 d post-cocultivation with 
pathogen roots were viewed by bright field and confocal scanning laser (CSL) 
microscopy. We observed that Pst DC3000 cells had colonized virtually the entire root 
surface as revealed by CSL microscopy and bright field microscopy (Fig. 4.6A), which 
suggests that Pst DC3000 forms a stable and pathogenic biofilm on these roots. 
Qualitatively, disease symptoms induced by Pst DC3000 were observed with increased 
cytoplasmic precipitation and cell death (Fig. 4.6A). Similarly, compatible fungus A. 
brassicola interactions with Arabidopsis roots revealed spore germination and necrotic 
spot development on the root surface (Fig. 4.6B). Aphid-Arabidopsis root interactions 
also resulted in similar necrotic spot development as observed before with A. 
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brassicola-root interactions (Fig. 4.6C). In all cases, root cultures died 4 d post-
infection and infestation. 
Fig 4.6. Disease appearance and symptom formation in Arabidopsis roots upon compatible 
interactions with (A) Pst DC3000, (B) A. brassicola, and (C) D. noxia. Section A shows CSL 
microscopy of Arabidopsis roots infected with Pst DC3000 (Note the brackets in sections 
indicate the observed root length). Section B shows spores and spore germination (inset) of A. 
brassicola on Arabidopsis root surface with development of necrotic spots (arrows in the 
section) 4 d post infection. Section C depicts an adult Diuraphis noxia on the Arabidopsis root 
surface with development of necrotic (arrows in the section) spots 4 d post infection. The bars 
(A–C) indicate 50 μm. 
4.4 Discussion 
For the most part, achieving a clear understanding of the biology and 
biochemistry of roots has remained difficult due to the underground growth habit of the 
plant’s hidden half. This underground habit poses major technical difficulties for root 
study and has hindered biochemical research in particular. A recent reincarnation of a 
classic plant organ culture system, root culture, has proven extremely useful in 
reinvigorating research on root metabolism. The soil microorganism Agrobacterium 
rhizogenes causes the hairy root disease, which is characterized by the proliferation of 
adventitious roots at the infection site. Hairy roots are able to express root-specific 
biosynthetic pathways such as the synthesis of hyoscyamine, ȕ-carbolines, and 
rosmarinic acid among other metabolites at levels equal to or greater than in the roots 
in planta [7, 8, 13, 40, 41]. In addition to secondary metabolites, hairy roots can 
produce and secrete bioactive proteins [10]. Here we have taken hairy roots of 
Arabidopsis and used them to characterize the emission of total VOCs by roots in 
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isolation from the whole plant. Our studies revealed that VOCs previously 
undocumented in the roots of Arabidopsis can be identified and characterized using 
PTR-MS. PTR-MS has been used primarily in atmospheric studies [42, 43], with only a 
few studies using this technique to investigate wound responses in detached aerial plant 
organs [17, 39]. However, no studies have been undertaken to use PTR-MS in real-time 
plant biological interactions. We studied the model plant system Arabidopsis because it 
has been well characterized at the genomic, biochemical, and metabolomic levels [44, 
45, 46, 47]. Moreover, we have observed that root secondary metabolite secretion in 
vitro is comparable in many plant systems to such secretion in the soil [7, 13, 48], thus 
validating the broader application of our experimental approach.  
The major purpose of this investigation was to study the effect of different 
stress regimes (compatible and incompatible) on VOC production in the roots of 
Arabidopsis and to validate the use of PTR-MS in these studies, but we made some 
important biological observations as well. The quantitative and qualitative variation in 
the concentrations of certain VOCs within the compatible and incompatible treatments 
at different time points reconfirms our working hypothesis that roots respond 
specifically under different stress conditions. Most of the VOCs identified in our 
studies are known to be emitted by plants, although these VOCs have not been 
previously detected in roots of Arabidopsis. In our studies, the identified VOCs were 
produced under different root-microbe regimes, suggesting that the root system may be 
capable of adapting as the rhizospheric conditions change. This finding also 
demonstrates the potential usefulness of VOC fingerprinting in functional genomics, 
since it could lead to the identification of a direct functional link between gene 
activation (or inactivation) in the various undefined metabolic pathways, production of 
bioactive volatiles, and response to pathogens in this species.
The compounds observed in this work can be divided into two categories: 
low Mr metabolic byproducts, such as acetaldehyde, ethanol, acetone, ethyl acetate, and 
2-butanone, and a monoterpene (1,8- cineole) with possible bioactivity. Of the low Mr
metabolites, acetaldehyde and ethanol are well-known components of plant roots, 
especially in roots subjected to flooding and anoxic stress (for review, see [29, 38]). It 
is surprising to see that each biotic stress tested led to a rapid increase in ethanol 
production and continued formation of high levels of this alcohol by Arabidopsis roots. 
Perhaps a switch to fermentative metabolism is part of a root stress response. The 
formation of ethyl acetate seen in infected roots (Figs. 4.4 and 4.5) may be similar to 
processes well known in ripening fruit [49]. The other oxygenated metabolites, 
produced in much lower amounts, are known byproducts of general plant wounding 
and are not known to have any particular signaling role in the rhizosphere.
Interaction of Arabidopsis roots with either compatible bacterial or fungal 
pathogens or root-feeding insects all resulted in the rapid release of 1,8-cineole. Several 
researchers have shown that 1,8-cineole is a major constituent of plant-insect 
interactions [50] and this compound also has antimicrobial effects on a variety of 
bacteria and fungi [51]. These findings suggest that different types of biotic challenge 
of Arabidopsis roots lead to the rapid formation and release of a protective 
monoterpene; it is unlikely that preexisting pools of 1,8-cineole are present in the roots, 
since this VOC was not released from mechanically wounded roots. Interestingly, 
compatible interactions, incompatible interactions and mechanical injuries with the 
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Arabidopsis roots did not produce any C6 VOCs (Fig. 4.4, A–C). The absence of these 
wound volatiles after insect-root interactions and mechanical wounding suggests that 
roots use different mechanisms to inhibit root-feeding herbivores. As mentioned above, 
the only compounds that were clearly produced as a result of aphid-root interaction 
were ethanol, acetaldehyde, and 2-butanone. The absence of wound-volatiles might be 
explained by the fact that aphids are not natural below-ground enemies of plants so a 
natural defense mechanism is not needed and therefore not developed. Since wound-
volatiles are also not seen upon mechanical wounding of the roots, our results suggest 
that roots cannot respond by releasing a battery of VOCs upon mechanical wounding or 
insect attacks as the aerial parts of the plant do [21] and therefore do not respond in the 
same way to insect attacks as aerial parts do. The role of primary metabolite VOCs in 
distance signaling events is yet to be discovered. The significance of this breakthrough 
communication is 2-fold. First, we have used a new system (PTR-MS) to analyze 
volatile formation in plant roots by linking plant biology, environmental biochemistry, 
and physical sciences. Second, our approach may enable studies to follow the kinetics 
of formation of VOCs during plant-microbe-insect interactions. Even without a full 
identification of VOCs, a single mass scan can be used as a chemical fingerprint to 
distinguish different samples, as shown by [52], who separated heat-treated versus 
pressure-treated orange juices using PTR-MS analyses of the head space and a 
principal component analysis of the mass scans. Such a capability, coupled with the 
tools available in the Arabidopsis system such as genomics, proteomics, metabolomics, 
and knock-out and transposon-tagged mutatagenesis [46], may facilitate our 
understanding of the biological implications of VOC emission by plant roots in 
response to biotic stresses and help identify essential genes in these processes. 
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Chapter 5 
On-line monitoring of UV-induced lipid 
peroxidation products from human skin in
vivo using Proton-Transfer Reaction Mass 
Spectrometry*
Abstract
Proton-Transfer Reaction Mass Spectrometry (PTR-MS) was used to study 
ultraviolet (UV) light-induced lipid peroxidation in human skin, in vivo. Emissions of 
volatile organic compounds (VOCs) in the mass range between 20 and 150 amu in the 
headspace of the skin of 16 healthy volunteers were monitored before, during, and after 
irradiation in an on-line and non-invasive fashion. From these experiments 5 volatile 
substances were found to reflect the damage caused by UV-radiation. The two major 
compounds (monitored at mass 45 and 59 amu) were identified as acetaldehyde and 
propanal using a combination of Tenax-based gas chromatographic pre-separation with 
PTR-MS. The other volatiles (with characteristic ions at, among others, masses 73 and 
87 amu) could not be identified. Simultaneous measurement of the established lipid 
peroxidation biomarker ethene using laser-based photoacoustic trace gas detection 
revealed a similar pattern and statistically significant correlations between VOC 
production measured with PTR-MS and ethene. Variations in UV-radiation intensity 
were reflected by the amount of acetaldehyde and propanal emitted from the skin. Our 
results show that acetaldehyde and propanal can be used as biomarkers for lipid 
peroxidation. 
Marco M.L. Steeghs, Bas W.M. Moeskops, Karen van Swam, Simona M. Cristescu, Paul T.J. 
Scheepers, Frans J.M. Harren, “On-line monitoring of UV-induced lipid peroxidation products 
from human skin in vivo using Proton-Transfer Reaction Mass Spectrometry” Int. J. Mass 
Spectrom. 253 (2006) 58-64
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5.1 Introduction 
Ultraviolet (UV) radiation represents 10% of the solar radiation reaching the 
surface of the earth and is generally divided into three groups: UV-A (315-400 nm), 
UV-B (280-315 nm) and UV-C (200-280 nm) of which UV-C radiation is almost 
completely absorbed by the ozone layer [1]. UV light influences important 
physiological processes inside the human body, such as vitamin D synthesis and 
calcium metabolism [2]. However, epidemiological and laboratory-based studies have 
demonstrated that UV light can also cause photo-ageing and is a very important factor 
in the development of skin cancer [1, 2]. The worldwide incidence of melanoma due to 
sun radiation is increasing rapidly [3]. 
As a result of UV-irradiation, reactive oxygen species (ROS) are produced in 
the skin, which subject the body to oxidative stress and increase lipid peroxidation [1, 
4]. Lipid peroxidation is the oxidative degradation of (poly-) unsaturated fatty acids 
and is involved in many diseases. Lipid peroxidation can be monitored by measurement 
of its intermediate or end products [4, 5], which can be useful for monitoring diseases 
and for evaluating the health status of the body and the efficiency of medical treatments 
[1]. Since lipid peroxidation products differ for different fatty acids [6], the relative 
amount of the different fatty acids in the skin is very important. Terashi and coworkers 
[7] have investigated the composition of skin cell membranes. Their results show that 
the most abundant lipids in epidermal keratinocytes were stearic acid (16.0 %), oleic 
acid (16.0 %), palmitic acid (17.5 %) and linoleic acid (27.4 %). Palmitic and stearic 
acid are saturated fatty acids, which are less susceptible to lipid peroxidation. Linolenic 
acid, which is the precursor for ethene [5] contributes only 0.1% to the total fatty acid 
content [7].  It is therefore expected that the most abundant biomarkers will be products 
of linoleic acid and oleic acid.
Various volatile organic compounds (VOCs) have been proposed as in vivo or 
in vitro markers of lipid peroxidation. Frankel and coworkers [6] list many lipid 
peroxidation products from linoleic, oleic and linolenic acid, measured in vitro in 
vegetative oils, including ethene, ethane, pentane and many different aldehydic 
products. Several aldehydes, including acetaldehyde, propanal, butanal, hexanal and 
2/3-hexenal, have been used as markers for lipid peroxidation in olive oils, sunflower 
oils and other food products [5, 8, 9]. However, the emission of aldehydes by biological 
samples is complex and their concentrations are usually very low [10]. 
In vitro experiments have shown aldehydic products from lipid peroxidation 
[11]. Luo et al [12] have used Gas Chromatography-Negative Ion Chemical Ionization 
Mass Spectrometry (GC-NICIMS) to quantify the total of 22 saturated and unsaturated 
aldehydes (C2-C12) that produce detectable derivatives. They also reported the 
measurement of 20 aldehydes [13] from skin fibroblast cultures using GC-MS.  
Most studies on lipid peroxidation measuring volatile (end) products have 
focused on exhaled ethane and/or pentane [4, 10, 14, 15]. Ethene has also been shown 
to be a marker for lipid peroxidation [4, 16]. Draper and coworkers [17] have used 
malondialdehyde adducts with lysine in rat and human urine as a marker for lipid 
peroxidation in vivo.
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Since aldehydes are highly soluble and reactive, they are expected not to be 
clearly reflected in breath. The most direct way of measuring these compounds is by 
monitoring the emission from the skin itself, using a skin cuvette [18]. VOCs produced 
in the skin diffuse into the headspace (unfilled space above the skin in the cuvette) and 
can easily be measured non-invasively and without major interference of compounds 
from the rest of the body.  
The drawback of current detection techniques used in the studies mentioned 
above is that they use intermediate steps and measure markers only indirectly. 
Furthermore, most methods to measure these secondary volatile products in vitro or in
vivo are either invasive or time consuming [10]. Proton-Transfer Reaction Mass 
Spectrometry (PTR-MS) is a technique that is very well suited for measurements of 
aldehydes and other hydrocarbons in multi-component mixtures of VOCs in an on-line, 
noninvasive and highly sensitive fashion [19, 20]. In fact, PTR-MS has been used in 
some studies on products of lipid peroxidation in vegetative oils [8, 9].  
In this paper, we report the use of PTR-MS for measurements on the headspace 
of human skin for time-resolved, in vivo monitoring of UV-induced lipid peroxidation 
products. We expect to establish some lower-mass aldehydes to be markers of lipid 
peroxidation. Laser-based photoacoustic trace gas detection is used to simultaneously 
measure a known biomarker of lipid peroxidation, ethene. To our knowledge, this is the 
first report of on-line and in vivo measurements of UV-induced aldehydic lipid 
peroxidation products.  
5.2 Materials and Methods 
5.2.1 PTR-MS
A custom-built PTR-MS system, analogous to the one described in Lindinger 
et al [19] was constructed (Fig 5.1). A detailed description of this system can be found 
in [21]. The working principles of PTR-MS have been given in detail elsewhere [19, 
20, 22]. Therefore, only a brief description is given here. 
The instrument consists of four parts: an ion source where H3O+ ions are 
produced, a drift tube section, a transition chamber and an ion detection section 
containing a quadrupole mass spectrometer and a secondary electron multiplier. In the 
drift tube, the trace gases from the sample gas are ionized by proton-transfer reactions 
with H3O+ ions: 
OHRHROH k 23 o

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Fig 5.1: Schematic view of the Nijmegen PTR-MS instrument. 1)  the hollow cathode ion source, 
2) the drift tube, 3) the transition chamber, 4) the detection chamber containing the quadrupole 
and the secondary electron multiplier (5). 
where k is the reaction rate constant, usually close to or equal to the collision rate 
constant. This reaction takes place when the proton affinity (PA) of the trace compound 
R is higher than that of water (166.5 kcal/mol = 7.16 eV). A major advantage of using 
H3O+ as the reagent ion is that the PA of water is higher that the PA of the normal 
constituents of air (cf. NO, O2, CO, CO2, and N2) and that most of the typical organic 
compounds are ionized by the proton-transfer (PT) reaction, since their PAs are in the 
range between 7 and 9 eV. The reaction rate can be measured or calculated [23, 24] and 
is known for many of the PT reactions of interest [19, 25]. Since the excess energy of 
the reaction is low, it results in mostly parent ions (RH+), without the creation of many 
fragments. Dissociation can occur to form one or two fragments of significant intensity 
(e.g. protonated alcohols are known to easily split off a water molecule, which results 
in a fragment ion at molecular mass minus 17). Fragmentation does increase with 
increasing carbon chain length. However, due to the fact that soft-ionization results in 
only one or two significant characteristic ions, the matrix of signals is much less 
complicated than with other mass spectrometry techniques. 
Some adaptations are made to the system described in Boamfa and coworkers 
[21].  The drift tube ring size was decreased (1.5 cm inner radius) and the Viton O-
rings were replaced by special Teflon PFA rings. Drift tube and inlet tubing are heated 
to 45 °C. These changes are intended to decrease memory effects and increase time 
resolution. The major difference with the previous setup is the decrease in path length 
the ions have to travel through the transition chamber. This space is principally 
designed as an intermediate pumping stage between the drift tube and the quadrupole 
chamber to reduce the pressure in the detection chamber. By increasing the effective 
pumping window from 24 cm2 to 78 cm2 and decreasing the length of the transition 
chamber from 8.0 to 3.5 cm, the number of collisions in this transition chamber is 
reduced significantly. The pressure is decreased from 1 - 2.10-4 mbar to 8.10-5 mbar. At 
1.10-4 mbar, the mean free path of ions is in the order of a centimeter, decreasing with 
increasing molecular size. The effect of decreasing mean free path can clearly be 
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observed as a mass dependent detection efficiency. The pressure in the quadrupole 
region is 2.10-6 mbar, which is necessary for low detector noise and long detector 
lifetime. 
For medical and biological applications, a small gas flow over the biological 
sample is necessary in order to detect the extremely low gas emission quantities. The 
present setup requires a minimal gas load of ~ 0.6 l/h (STP) to get the optimal 2.25 
mbar pressure in the drift tube and an optimal E/N-value of 120 Td (E/N is the ratio 
between electric field and the number density in the drift tube; 1 Td = 10-17 V cm2).
5.2.2 GC-PTR-MS 
A PTR mass spectrum constitutes a total intensity as a function of mass. The 
product ion mass† is a useful, but not unique indicator of the identity of a VOC. VOCs 
with identical mass cannot be measured separately. Moreover, product ion 
fragmentation, cluster ion formation and secondary ion-molecule reactions all lead to 
some degree of mass overlap as has been discussed elsewhere [20,26]. To overcome 
the problem of mass overlap, a combination of PTR-MS with a gas chromatographic 
pre-separation technique has been employed [20, 22, 26, 27].  
In this study, Tenax TA tubes (20/35 mesh, Chrompack, Middelburg, the 
Netherlands) are used as an adsorbing agent to adsorb VOCs and function as a GC 
column. During a GC-PTR-MS experiment VOCs are adsorbed on the absorber’s 
surface (at 35 °C). Afterwards, the tube is flushed with a 1.2 l/h nitrogen flow, and the 
temperature is slowly ramped (from 35 to 200 °C, at a rate of 5 °C/minute). The exit of 
the tube is connected to the PTR-MS inlet. The headspace of pure gas compounds was 
used to characterize the Tenax TA tube for identification of the peaks that were 
observed in the UV experiments.  
5.2.3 Detection of Ethene from the skin 
Ethene measurements on UV-induced lipid peroxidation were performed using 
a laser-based photoacoustic trace gas detector, as described in Harren and coworkers 
[16]. Briefly, the laser is tuned to a wavelength where the gas under investigation has a 
high absorption coefficient. By modulating the intensity of the laser light, a periodic 
heating of the sample gas is caused. This results in pressure variations inside the 
sample cell of the same frequency as the laser intensity modulation. By carefully 
choosing the modulation period, an acoustic wave is created inside the closed sample 
cell. This acoustic wave of known frequency is detected with a microphone. The 
sensitivity of this technique is enhanced by phase-sensitive detection of the microphone 
signal with a lock-in amplifier. The amplitude of the acoustic wave is directly 
proportional to the laser intensity and to the concentration of the absorbing compound. 
By monitoring the laser power and the intensity of the sound wave, the concentration of 
the compound under investigation can be derived. 
† Since proton-transfer reactions only generate singly ionized ions, we simply refer to the mass of 
the ion instead of to the m/z ratio.
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5.2.4 Subjects 
All sixteen volunteers were healthy, non-smoking males (20 – 35 years of age, 
skin type 2 or 3). The study was carried out with the approval of the Medical Ethical 
Committee for Research on Human Subjects of the Radboud University Medical 
Centre, Nijmegen. Written consent was obtained from all participating subjects. 
5.2.5 UV Experiments 
A circular piece of bare skin (about 5 cm in diameter) of a healthy volunteer 
was irradiated with UV light. In all experiments a quartz cuvette (5 cm diameter, 
volume 20 ml) was placed over the site of exposure (Fig 5.2), through which a constant 
flow of synthetic air was maintained to sample the headspace for trace gas detection. 
Fig 5.2: Experimental setup as used in UV irradiation experiments. 1) Pressurized bottle of 
medical air, 2) buffer bag, 3) Mass Flow Controller, 4) Human subject, 5) Solarium, 6) Mass 
Flow Controller, 7) Membrane Pump, 8) Reduction Valve, 9) Off-line pressure controller 
Fig 5.3 shows the spectrum of the UV-source, measured with an intensified 
CCD camera (Princeton Instruments, ICCD-512-T) mounted on the exit port of a 
spectrograph (Acton Research Company, SpectraPro 300i). The emission of the light 
source was mostly in the UV-A region. The transmittance of quartz (SiO2) in the region 
of interest (280 – 400 nm) is nearly constant at ~ 90 %. 
In on-line UV experiments, first the background values of VOCs without UV 
exposure were measured for 10 minutes. Then, the VOC productions were monitored 
for a period of 12 minutes irradiation time, followed by a period of 10 minutes with the 
UV light switched off. During the whole experiment, the flow through the cuvette was 
maintained for real-time and on-line analysis of the headspace of the skin. 
Synthetic air was provided to the skin cuvette from a pressurized bottle, via a 
buffer bag and a mass flow controller (Brooks Instruments, 5850S, Veenendaal, the 
Netherlands) at a flow rate of 1.0 l/h (STP). The flow rate through the skin cell was 
kept constant by a small membrane pump and a mass flow controller; the pump created 
a small pressure drop to keep the cuvette sealed to the skin. The inlet and outlet tubing 
were shielded with aluminum foil to avoid UV-induced gas emissions from the tubing 
walls. From the skin cuvette the sample air was transported via Teflon PFA tubing (Fig 
5.2) to the trace gas detectors. In measurements in which both the PTR-MS and the 
laser-based ethene detector were used, a flow of 0.7 l/h was led through the skin 
cuvette, of which 0.5 l/h (STP) was led to the ethene detector. The other 0.2 l/h were 
diluted with 0.3 l/h pure nitrogen and led to the PTR-MS system. All gas handling parts 
Chapter 5 
70
(tubing, connections, needle valves, etc), except mass flow controllers, were made of 
Teflon PFA or Teflon PTFE (PolyFluor Plastics, Hoevestein, The Netherlands). 
During several PTR-MS trial measurements complete mass spectra were 
recorded to find the mass values at which a signal could be observed. To achieve a high 
time resolution, only those signals that changed over time were selected and monitored 
consecutively. In on-line experiments ion intensities at 16 masses were monitored for 
0.5 seconds per mass, resulting in an acquisition time of 8 seconds.  
To qualify the VOCs under investigation as biomarkers of UV-induced lipid 
peroxidation, a variation in the UV intensity should be reflected in the signal intensity 
of the potential markers. Similar experiments as the ones described above, were carried 
out in which the intensity of the UV irradiation was varied by changing the distance 
from the solarium to the skin cuvette, resulting in an intensity change from 2.5 
mW/cm2 to 16 mW/cm2.
Reference measurements were performed using a closed quartz cuvette, with an 
inlet and an outlet (4 mm diameter) for the gas flow. The reference cuvette was 
exposed to the same intensity UV light to study possible VOCs emitted by the cuvette. 
Furthermore, the effect of temperature change was tested using an electrical air heater 
at 500 C.
To identify the VOCs during UV exposure GC-PTR-MS experiments were 
carried out in the same time regime as described above. During the last 90 seconds of 
UV exposure the flow was led over an adsorbing Tenax TA tube. Afterwards, the tube 
was analyzed as described above. 
Fig 5.3: Spectrum of the UV source. 
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5.3 Results 
5.3.1 On-line UV measurements 
During UV exposure of the skin, a clear increase in ion intensity was observed 
for 7 masses. Fig 5.4 shows a typical example of a measurement from the headspace of 
UV-irradiated skin on the lower inside arm. The time behavior found with PTR-MS 
was identical to that of the ethene measurements. Due to the low gas flow through the 
skin cuvette the combined time constant of gas inlet system and drift tube was 1.5 
minutes. The initial rise in concentration can be observed just before 1.7 minutes after 
the UV is switched on (t = 0). This indicates that lipid peroxidation begins within 
seconds after the start of the UV-irradiation. After about 3.3 minutes a stable ion count 
rate is reached.
The highest ion intensity was found on mass 45 amu, followed by the masses 
59, 43, 87, 73, 71 and 69 amu. The intensities at five of these seven masses (masses 43, 
45, 59, 73, 87 amu) were found to increase for all 16 volunteers. The average integrated 
production values and their standard deviations (in nmol) for the compounds monitored 
on masses 45, 59, 73 and 87 amu together with the corresponding ethene values are 
given in Table 5.1. Ethene production shows significant correlations (significance of 
correlations is tested with Student’s t-test; P < 0.05) with productions of compounds 
monitored at masses 43, 59 and 73 amu, but not with those indicated by masses 45 and 
87. The different compounds monitored by PTR-MS correlate significantly. The large 
standard deviations for these values reflect the inter-personal variation.  
The reference measurements show that all VOC productions originate from the 
skin. In every reference measurement ions at masses 45 and 59 were observed, but the 
values in all cases were at least a factor of 10 lower than in the UV experiments. No 
other compounds were observed in any reference experiment (data not shown). 
Table 5.1: Average production values and standard deviations from UV-irradiation experiments 
on 16 healthy volunteers. Acetaldehyde concentrations are calculated from calibration. 
Propanal concentrations are calculated from acetone calibrations, taking fragmentation and the 
difference in the k-values given in [19] for acetone and propanal into account. For unidentified 
ions, the standard value of 2·10-9 cm3s1 was used in calculations. Integration periods were 35 
minutes, on an illumination area of approximately 15 cm2.
Mass Mean 
concentration 
(nmol) 
Standard 
deviation
45 (acetaldehyde) 33.3a 23.5 
59 (propanal) 7.05 3.32 
73 0.26b 0.25 
87 0.35b 0.29 
Ethene  1.004  0.64 
a The values are integrated production values over the whole irradiation period and decay time 
of the signal back to the background levels. 
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b This ion might represent a fragment of a higher mass neutral and reaction rate values 
are probably underestimated. Therefore this value represents the lower limit for the compound 
monitored on this mass. 
5.3.2 GC-PTR-MS measurements 
Fig 5.5 shows the result of a GC-PTR-MS experiment. Analysis of the content 
of the Tenax tube resulted in several peaks which were clearly separated in time. Using 
this method, positive identifications could be obtained for the characteristic ions found 
at masses 45 and 59 amu, which correspond to acetaldehyde and propanal, respectively.  
The other compounds, giving rise to ions at masses 73, 69 and 87 amu, could not be 
identified. Following literature studies, these compounds will be most likely aldehydes 
or fragments of aldehydes. Possible compounds for the ion at mass 87, with molecular 
mass 86 (3-methylbutanal and pentanal) show fragmentation on mass 69, but the 
fragmentation ratios are not in accordance with published values. Moreover, the 
compounds causing ion signals on masses 69 and 87 do not co-elute. Comparison of 
retention times of pentanal with the compound observed at mass 87 suggest that mass 
87 reflects a fragment of a higher mass compound. The traces on mass 73 and 87 also 
do not overlap in time, meaning that these ions do not correspond to the same 
compound.  
Fig 5.4: Result of an on-line measurement of volatile products formed from human skin 
irradiated with UV light as measured with PTR-MS. UV radiation is switched on at time t = 0. 
The system’s time delay is reflected by the ~ 100 seconds delay in the rise of the signal. 
5.3.3 UV intensity dependence 
Fig 5.6 shows the effect of changes in UV intensity as measured on mass 45 for 
one subject. With UV-intensity at zero, a stable background value is obtained. For 
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every increase in UV-intensity, a corresponding increase in acetaldehyde concentration 
is observed. For mass 59 amu, a similar trend was found (data not shown). The signal 
intensities are approximately linear with the UV intensity. Productions of the other 
VOCs were too low to observe the complete trend. 
Fig 5.5: Result of GC-PTR-MS identification experiments. 
Fig 5.6: Acetaldehyde production in human skin as a function of light source intensity. 
5.4 Discussion & Conclusion 
From the headspace of UV-irradiated skin from 16 healthy volunteers, seven 
characteristic ions are found to reflect an increase in VOC production when lipid 
peroxidation is induced in the human skin. Masses 43, 45, 59, 73 and 87 amu are 
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observed in significant quantities for all sixteen subjects. Using a combination of GC-
PTR-MS, acetaldehyde and propanal have been identified as the two most prominent 
compounds (monitored at masses 45 and 59 amu, respectively). Analysis of the pure 
compounds ruled out the possibility of acetone as a source for the ion trace at mass 59. 
Both acetaldehyde and propanal depend significantly on UV-light intensity. 
Simultaneous measurement of the known biomarker ethene using a laser-based 
photoacoustic trace gas detector show statistically significant correlations with the 
production of the compounds observed with PTR-MS. The time course of the 
compounds arising from UV-induced lipid peroxidation corresponds with the pattern of 
ethene. The identified compounds acetaldehyde and propanal can therefore be regarded 
as markers of lipid peroxidation. 
Signals at masses 73 and 87 amu, which could not be attributed to a known 
neutral compound with the adopted GC-PTR-MS technique, showed statistically 
significant correlations and similar time behavior as ethene. Possible sources for the ion 
at mass 73 are malondialdehyde or butanal [6]. Mass 87 amu most probably reflects a 
fragment of a higher mass compound, which is also a possibility for mass 73 amu. 
Future experiments with an improved GC-PTR-MS setup are expected to reveal the 
identity of these compounds.  
Our results confirm that lipid peroxidation is a nearly instantaneous process. 
Volatile (end) products are observed within a few seconds after the UV light is 
switched on. PTR-MS proves to be an excellent technique for on-line measurement of 
UV-induced lipid peroxidation in human skin, since it combines both high sensitivity 
and high time resolution with non-invasiveness.  
It is known that aldehydes are highly soluble, reactive and toxic compounds in 
the human body [10, 28]. The establishing of aldehydic end products of lipid 
peroxidation in the skin therefore might cause a secondary effect of lipid peroxidation, 
possibly away from the site of initial damage. It is assumed that aldehydes produced 
endogenously during lipid peroxidation act as “secondary toxic messengers” for free 
radical events due to their interaction with essential cell components (e.g. membrane 
proteins) and thereby cause disturbance of cell functions. It has been shown that 
aldehydes produce a great diversity of deleterious effects [10], including cross-linking 
in proteins and DNA [29].  
With the fast and on-line PTR-MS measurements of acetaldehyde and propanal 
and possibly more compounds as biomarkers, it will be possible, e.g., to test the 
wavelength-dependent effects of UV-A and UV-B light on the skin for various skin 
parts and skin types, the effect of sun screen protection, or to follow the effects of UV 
treatment of skin diseases (e.g., psoriasis). Besides, it has a potential to be used for 
diagnostic purposes related to acute or chronic physiological disorders inside the 
human body, e.g., in inflammatory processes (acute asthma, inflammatory bowel 
disease) [30, 31] or acute myocardial infarction [32, 33]. 
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Chapter 6 
The suitability of Tedlar bags for breath 
sampling in medical diagnostic research1
Abstract
Tedlar bags are tested for their suitability for breath sampling for medical 
diagnostic purposes. Proton-Transfer Reaction Mass Spectrometry (PTR-MS) was used 
to monitor the changes in composition of various mixtures contained in custom-made 
black-layered Tedlar bags. Characteristic ions at m/z 88 and 95 amu reflect 
considerable pollution from the bag material. These pollutants are most probably N,N-
dimethylacetamide, a latent solvent used in the production of Tedlar film and phenol, 
respectively. Gas composition losses during filling were found to range from 5 to 47 %, 
depending on the compound. Once stored, the half lives of methanol, acetaldehyde, 
acetone, isoprene, benzene, toluene and styrene were estimated between 5 and 13 days. 
Losses from breath samples (52 h after filling) were found to be less than 10%. No 
observable decrease was found for ethylene over 3 days, using laser-based 
photoacoustic detection. For the use of Tedlar bags, a standardized protocol is advised, 
where the time point of analysis is fixed for all samples and should be kept as close as 
possible to the time of sampling.  
1 M.M.L. Steeghs, S.M. Cristescu and F.J.M. Harren, “The suitability of Tedlar bags for 
breath sampling in medical diagnostic research” Physiol. Meas. 28 (2007) 73-84.
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6.1 Introduction
The study of biological processes via the emission of volatile organic 
compounds (VOCs) is a widely used and accepted method in Life Sciences, including 
different fields of biology [1-6], environmental monitoring [7, 8] and medical 
diagnostics [9-15]. Gas analysis is also becoming an important tool in control of 
industrial processes such as combustion and plasma diagnostics, investigation of 
engines or automobile exhaust measurements or headspace analysis during food 
production [16-18]. Several publications have shown the diagnostic potential of 
relatively new, advanced techniques. These include Gas Chromatography-Mass 
Spectrometry (GC-MS) [19], Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS) 
[20, 21] and Proton Transfer Reaction-Mass Spectrometry (PTR-MS) [22-24]. The 
latter two techniques are very promising in breath analysis and fast diagnostics, since 
they combine on-line measurement capacity with non-invasive, sensitive and multi-
component detection of VOCs.  
It is not always possible to bring the gas emission source of interest and the gas 
detection system together. In such cases, the gas sample under analysis needs to be 
stored in a container and transported to the laboratory.  For this, several methods are 
used, including canisters, cold trapping, adsorbing agents and Teflon and Tedlar bags. 
These containers should be easy to operate, easy to handle and be able to store a sample 
for a prolonged period of time. Costs, reusability, durability, size and versatility are 
other important issues when choosing a sample holder. Adsorbing agents like Tenax 
are compound specific, whereas canisters have the disadvantage that they are expensive 
and need to be evacuated before sampling, making them inapplicable to breath 
measurements. Teflon bags are relatively expensive and fragile, making them difficult 
to be reused. Here, as an alternative to these widely used methods, we have 
investigated the use of Tedlar bags for the sampling of breath from patients and healthy 
volunteers.
Tedlar bags have been used previously by Nielsen and co-workers [25], who 
have measured 9 volatile sulphur compounds from biogas-production plants and 
reported no detectable losses over a period of 20 h. Only water was found to permeate 
through the walls until the relative humidity inside reached ambient air values. Sulyok 
et al [26] observed a 90% recovery rate of sulphuric compounds after 1 week of 
containment for clear layered Tedlar bags, but found significantly lower recovery rates 
for black-layered bags. They assumed the losses to be due to uncontrolled adsorption to 
the carbon-filled black layer. Lau and co-workers [27] reported half-lives of six sulphur 
gases ranging from 0.02 days to 100 days. For acetone, a significant decrease after the 
first 6 hours was found, using standard Tedlar bags [28]. The same result has been 
obtained for isoprene levels [29]. N-hexene, p-xylene and 1-propanol were stable for at 
least 30 minutes [30].  
Groves et al [31] studied the significance of water content in the sampled air 
for the stability of methanol, acetone, 2-butanone, m-xylene, trichloroethane and 
perchloroethylene. They spiked the bags already containing the sampled air with water 
to supersaturation to invoke condensation in the bag. Significant differences between 
wet and dry samples were only found for methanol, acetone and 2-butanone. However, 
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the relative humidity needed to induce this difference was about three times higher than 
the humidity inside the bag expected from breath [31]. Only methanol was slightly 
affected at breath humidity levels.  
These studies mostly used transparent Tedlar bags and focused on isolated 
compounds or a complex of several sulphur compounds. It is not clear how this can be 
translated to breath samples and to black-layered Tedlar bags. To our knowledge, the 
storage capabilities of these bags for most breath VOCs have not been tested. Here, we 
test the changes in gas composition of breath and controlled mixtures during storage in 
black-layered Tedlar bags. PTR-MS, of which the potential for breath measurements 
was shown before [11-13], was used for the analysis of more complex mixtures, 
including breath, while photoacoustic spectroscopy was used to monitor the behaviour 
of ethylene [3, 32]. The contents of bags with several different mixtures were analyzed 
and compared at several instances between 4 and 250 h after filling. 
Fig 6.1 Schematic view of the PTR-MS instrument. 1) is the hollow cathode ion source, 2) the 
drift tube, 3) the transition chamber, 4) the detection chamber containing a quadrupole and a 
secondary electron multiplier (5). 
6.2. Materials and Methods 
6.2.1. Instrumentation 
The Proton Transfer Reaction-Mass Spectrometer (PTR-MS) used for this 
work is analogous to the one described in Lindinger et al [33] (Fig 6.1). A detailed 
description of the home-built system can be found in Boamfa et al [34] and Steeghs et
al [15]. The working principles of PTR-MS have been given in detail elsewhere [33-
35]. Therefore, only a brief description is given here. 
The instrument consists of four parts: an ion source where H3O+ ions are 
produced, a drift tube section, a separately pumped transition chamber and an ion 
detection section containing a quadrupole mass spectrometer and a Secondary Electron 
Multiplier. In the drift tube, the trace gases from the sample gas are ionized by proton-
transfer reactions with H3O+ ions: 
OHRHROH k 23 o
     (1) 
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where k is the reaction rate constant, usually close to or equal to the collision rate 
constant. This reaction only takes place when the proton affinity (PA) of the trace 
compound R is higher than that of water (166.5 kcal/mol = 7.16 eV/molecule). A major 
advantage of using H3O+ as the reagent ion is that the PA of water is higher that the PA 
of the normal constituents of air (cf. N2, O2, CO2, CH4, CO, NO, Ar) and that most of 
the typical organic compounds are ionized by the proton-transfer (PT) reaction, since 
their PAs are in the range between 7 and 9 eV. The reaction rate can be measured or 
calculated and is known for many of the PT reactions of interest [33, 36]. Since the 
excess energy of the reaction is low, it results in only one or two characteristic ions per 
neutral molecule. For some molecular groups dissociation can occur to form one or two 
fragments of significant intensity (e.g. protonated alcohols can split off a water 
molecule, which results in a fragment ion at molecular mass minus 17). Due to this 
soft-ionization the matrix of signals is less complicated than with other mass 
spectrometry techniques. One disadvantage of the technique is that it does not provide 
positive identification of the compounds monitored [5]. 
Ethylene, a well known indicator for lipid peroxidation [37], was measured 
using laser-based photoacoustic detection, as described in Harren and co-workers [3, 
32]. Briefly, the infrared laser is tuned to a wavelength where the gas under 
investigation has a high absorption coefficient. By modulating the intensity of the laser 
light, a periodic heating of the sample gas is caused. This results in pressure variations 
inside the sample cell of the same frequency as the laser intensity modulation. By 
carefully choosing the modulation period, an acoustic wave is created inside the closed 
sample cell, which is detected with a microphone. The amplitude of the acoustic wave 
is directly proportional to the laser intensity and to the concentration of the absorbing 
compound. By monitoring the laser power and the intensity of the sound wave, the 
concentration of the compound under investigation can be determined. 
For both systems, calibration of concentrations was performed using certified 
mixtures. For the PTR-MS system we used a range of dilutions of a mixture containing 
600 ppbv of methanol, 800 ppbv of acetaldehyde, 900 ppbv of acetone and 1000 ppbv 
of isoprene, benzene, toluene and styrene in nitrogen. For the photoacoustic system the 
same procedure was used with a mixture containing 1 ppmv of ethylene in air. 
6.2.2. Tedlar bags 
We used 1.0 liter black-layered Tedlar bags (SKC Limited, UK), especially 
designed for single-breath sampling experiments. The inner bag is made of a clear thin 
film of Tedlar and is covered by an outer layer of black Tedlar. This outer layer is 
blackened by adding carbon to the film to avoid UV-induced breakdown of any of the 
compounds possibly contained in the bag. Every bag has two Teflon hose/valve septum 
fittings, which simplifies the automated analysis and cleaning of the bags before re-use.  
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6.2.3. Experiments 
All bags were flushed with synthetic air (mixture of purified nitrogen and 20 ± 
1 % purified oxygen; < 3 ppm H2O, < 0.5 ppm CnHm; Air Liquide BV, Eindhoven, the 
Netherlands) with a flow of ~25 l/h for more than 2 hours before use. Tedlar bags were 
filled with various mixtures of air using mass flow controllers (850S, Brooks 
Instruments, Veenendaal, The Netherlands) to compare the composition of the contents 
at several points in time within a period of 10 days. Since the drift tube of the PTR-MS 
is operated at a pressure of around 2.25 mbar, no flow controllers or pumps are needed 
to measure contents of the bags. The sampling lines to and from the bags as well as the 
in-stream PTR-MS inlet are made of Teflon (PTFE or PFA, Polyfluor Plastics, the 
Netherlands) to minimize losses due to sticking of compounds to the walls. The 
calibrated mixture through the flow controller is kept constant at 0.2 l/h at all times, so 
a steady state is guaranteed and no losses occur here either.  
We investigated whether any artefacts (increase of concentrations of known or 
unknown compounds) could be observed and whether there were losses to or through 
the bag wall. The influence of humidity on the stability of the contents was tested by 
varying the humidity of the sampled mixtures. Some bags were heated (T ~60°C) to see 
if the temperature had an effect on the concentrations found from the bag contents. 
Pollution of contents 
A total of 8 bags was filled with pure nitrogen (4.5 purity level) or synthetic 
air. These gas mixtures contained no detectable concentrations of hydrocarbons (at the 
(sub-) ppbv level) before filling. The contents of these bags were monitored to check 
for increase in concentrations from polluting compounds, either by permeation through 
the walls of the bags, or by production from the bag material. These and all other 
measurements were performed at laboratory temperature, which is controlled at 22°C,
unless stated otherwise. Bags were always stored at lab temperature.  
Loss of contents 
The stability of a controlled mixing ratio of hydrocarbons was checked by 
filling 12 bags with a certified mixture (600 ppbv of methanol, 800 ppbv of 
acetaldehyde, 900 ppbv of acetone, 1000 ppbv of isoprene, benzene, toluene and 
styrene, Scott Specialty Gases, USA), diluted to a mixing ratio of 1 in 5 with nitrogen.  
Additionally, 24 bags were filled with the breath of 9 healthy volunteers. The contents 
of 10 of these bags were monitored 6 times in a period of 250 hours; the other 14 bags 
were analyzed 5 times within 72 h. It should be noted that condensation of water 
contained in the exhaled breath occurs in the sampling device before the bag, so no 
water droplets are formed inside the bag. 
To test the suitability of these Tedlar bags for ethylene, 3 bags were filled with 
room air, containing low amounts of ethylene (below 1 ppbv), another 3 bags were 
filled with breath and 3 bags were filled with varying higher amounts of ethylene (65 – 
100 ppbv). The concentrations in the bags at 1 hour after filling were compared to the 
concentrations at 72 hours after filling. 
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Possible losses could occur due to permeation through the walls or due to 
adhesion to the walls. To test whether compounds permeate through the wall, three 
bags were filled with a calibrated mixture. These bags were placed in a larger glass 
cuvette. The glass cuvette was flushed with nitrogen (4.5 purity level) gas for 10 
minutes via an inlet and outlet before sealing, to make sure that no detectable 
hydrocarbon levels surrounded the bags at the moment the experiment started. After 2, 
3 and 7 days, the contents of the glass cuvette were measured by PTR-MS and 
compared to nitrogen values and lab air values. After 7 days the contents of the bags 
were also analyzed. 
Relative humidity  
Relative humidity was increased to 80 % for 6 of the 12 bags by mixing the 
calibrated mixture with humidified (100% RH) nitrogen gas. The latter was done by 
bubbling the nitrogen gas through a water reservoir, resulting in a RH of 80% for the 
calibrated mixture. These experiments were performed to see if the water vapour in the 
bag affects the lifetime of compounds inside. The relative humidity is monitored by 
PTR-MS via the amount of cluster formation at mass 37 amu, where the water clusters 
H3O+.H2O can be observed.  
All bags were measured several times over a prolonged period of time. Due to 
the limited volume of the bag (1 liter), we could only sample 5 or 6 times. Each time 
the bag contents were analyzed, 8 mass scans from 20 amu to 150 amu were made (1 
amu/s scan rate) and averaged. The bags were stored and measured at laboratory 
temperature, which is set to 22 ˚C.
6.3 Results & Discussion
6.3.1. Pollution of contents 
Several bags were filled with clean air or pure nitrogen. These bags displayed 
significant amounts of pollution. Fig 6.2 (left panel) shows pollution reflected by 
characteristic ions at masses 88 and 95 amu where significant increases were found. 
Every single bag used in this study showed an increase of these two masses. The 
compound found at mass 88 is most probably N,N-dimethylacetamide (C4H9NO, MW 
= 87 amu, PA 217.0 kcal/mol) and was found to originate from the Tedlar film [38, 39]. 
The Tedlar bag is made out of polyvinyl fluoride film, which is produced from 
polyvinyl fluoride powder, which is dissolved in a “latent solvent” at temperatures 
above 100 ˚C, so the particles are allowed to coalesce into a film before the solvent 
evaporates [38]. Several candidates for this latent solvent are listed, among which are 
N,N-dimethylacetamide and related compounds [39]. After the drying process the total 
amount of latent solvent left in the material is assured to be less than 0.5% [39]. The 
concentrations of N,N-dimethylacetamide ranged from 40 to 185 ppbv (this is a lower 
limit, calculated using k = 2 10-9 cm2s, assuming no fragmentation) at mass 88 after 
four hours and increased in time. Clean air and nitrogen contained no measurable 
quantities of N,N-dimethylacetamide (< 0.5 ppbv). The manufacturer of the bags 
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assured that besides N,N-dimethylacetamide, no other solvent or chemical was used to 
make the bags. Our results, however, show a second pollutant is present at mass 95. 
Independent GC-MS analysis has identified the compound at mass 88 amu to be indeed 
N,N-dimethylacetamide and the compound at mass 95 amu to be phenol (Amann, 
private communication; Di Francesco, private communication). Heating of the bags 
increased the signals on both mass 88 and 95 amu significantly (~170% and 90 % 
respectively, results not shown). 
Some other masses also show a slight increase in ion intensity. This much 
lower degree of pollution was only observed for those bags containing synthetic air or 
nitrogen (Fig 6.2, right panel). Mass 59 was found to be increased to about 5 ppbv after 
250 h. It should be noted that these values are still less than 10% of the values expected 
in human breath and the influence will therefore be within the system’s uncertainty of 
the determination of breath concentrations.  
Fig 6.2 Pollution of synthetic air and nitrogen gas (4.5 purity). Left panel: increase in masses 
88 and 95 due to pollution from the Tedlar material (background values are zero). The large 
error bars are caused by large differences in amounts of pollution coming from the respective 
bags. Right panel: increase in masses 33, 45 and 59 (corresponding to expected compounds 
methanol, acetaldehyde and acetone, respectively) concentrations (background values 
subtracted). The large errors are caused by the low concentrations of the compounds measured 
and the variation between different bags.  
6.3.2 Loss of contents 
Losses of compounds contained in a Tedlar bag were monitored by sampling 
controlled amounts of calibrated mixture and breath. Fig 6.3 shows the evolution of the 
concentrations of the various compounds from the calibrated mixture. The values at 0 
hours are the mixed flows used to fill the bags.
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Fig 6.3 Relative decreases in signals for 7 different gases and relative humidity as a function of 
time. Values are normalized to the signals found in the sample flow immediately before filling. 
Humidity is monitored by the number of water clusters H3O+·H2O at mass 37 amu. All values 
are normalized to values at t = 0 h. 
There is a considerable loss ranging from 5 % up to 47 % at 4 hours after 
filling. We consider these losses to occur during filling, presumably due to sticking to 
the septum in the inlet valves, since over time we find only a gradual decrease with 
respect to those values measured after 4 hours. From the seven compounds, styrene is 
the only compound found to decrease for more than 15% (30±7%) between 4 h and 52 
h. From the decline of their concentration between 4 hours and 72 hours after gas 
sampling, a half life for the respective compounds can be calculated. These half lives 
are 8.1 ± 0.6 days for methanol, 6.5 ± 0.3 days for acetaldehyde, 8.4 ± 0.6 days for 
acetone, 13 ± 0.8 days for isoprene, 8.2 ± 0.8 days for benzene, 8.4 ± 0.7 days for 
toluene and 5.9 ± 0.3 days for styrene.  
Other authors (cf. [26]) have found lower recovery rates in black-layered 
Tedlar bags, as compared with clear Tedlar bags. In this study we aimed at 
characterizing black-layered bags and no attempt was made to compare black-layered 
with clear Tedlar bags. 
Low ethylene levels in the bags displayed no measurable decrease over 3 days. 
These bags include the ones filled with breath, where ethylene levels are usually around 
1 ppbv. Higher ethylene concentrations in the bags decreased with less than 5% after 3 
days. 
Water vapour content decreases drastically by 80 % within about 24 hours (Fig 
6.3) and is then only slowly reduced to about 12.5 % of its initial value after 250 hours. 
Heating the bag does not regain this loss of water. This establishes the findings of 
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Groves and co-workers [31], who suggest water to permeate through the walls of the 
bag.
In bags filled with breath, the decrease of sampled gas concentrations in time 
was found to be somewhat lower (Table 6.1). From breath (tentatively identified) 
methanol, acetaldehyde, acetone and isoprene can be compared with the certified 
mixture measurements. Of these 4 compounds, only methanol is found to decrease 
significantly. Beside methanol, only ethanol is found to also decrease significantly. On 
the other hand masses 41, 88, 95 increase significantly. Deviations from the average 
values are increasing over time.  
Heating of the bags resulted in an increase of several compounds, although the 
effect for most compounds was in the range of 2 – 10 % of the value for the unheated 
bag. This indicates that only a small fraction of the volatile contents is adsorbed to the 
wall and that most of it probably diffused through. Masses 88 and 95 amu, which are 
due to the bag material itself, displayed an increase of about 170 % and 88 % with 
respect to the values of the unheated bag. 
A separate experiment was performed to test the diffusion through the bag 
wall. Fig 6.4 shows the concentrations of 6 compounds in the glass cuvette enclosing 
three Tedlar bags on 4 different moments. Methanol, acetaldehyde and acetone clearly 
increase over time, whereas benzene, toluene and styrene show no significant increase. 
The gain in concentration in the cuvette corresponds well with the decreases found 
from the bags for acetaldehyde and acetone (within measurement uncertainty). For 
methanol, only 20 % of the losses from the bag content are found back in the cuvette. 
As can be seen from the trends in Fig 6.4 the loss rate decreases when the difference in 
concentration between the inside and outside of the bags decreases, which can be 
expected from a diffusion phenomenon. 
6.3.3 Relative humidity 
The influence of relative humidity on the concentrations in a bag was tested 
by increasing the relative humidity to at least 80% (100% for bags containing air or 
nitrogen, 80% for bags containing calibrated mixture). There was no observable effect 
of water vapour on the stability of the bag contents. No significant differences could be 
found between “dry” (RH = “0” %) and “wet” air (RH  80%) (Results not shown).   
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Table 6.1 Relative average ion intensity values found at several masses from the breath of 10 
volunteers at different time points. The data at 2h indicate average (± sd) count rates, where the 
values at later time points are expressed in percentages of the values at 2h. The P-value 
indicates the significance of a change in ion intensity between 2 h and 240 h. The spread in the 
2h-values indicates the inter-personal variation in the concentration of the compounds. 
Mass
(amu) 
2h signal 
intensity
(ncps± sd) 
24 h (%±%) 72h (%±%) 144h 
(%±%) 
240h (%±%) Pb
31 14±10 (2.6±1.3)·102 (2.2±1.8)·102 (2.3±1.6)·102 (1.8±1.4)·102 0.144 
33
(MeOH)a
(2.7±1.2)·103 (1.1±0.2)·102 (0.9±0.4)·102 (0.7±0.1)·102 (0.4±0.1)·102 0.001
41 87 ± 50 (3.7±3)·102 (3.6±2.8)·102 (4±2.4)·102 (4.6±3.4)·102 0.001
43 (2.8±1.1)·102 (1.2±0.3)·102 (1.7±1)·102 (1.9±0.7)·102 (1±0.8)·102 0.019
45
(Acal)
(3.4±2)·102 (1.2±0.3)·102 (1.7±1.4)·102 (1.5±0.5)·102 (1±0.4)·102 0.726 
47
(EtOH) 
(1.6 
±0.6)·102
(1.2±0.4)·102 (0.9±0.4)·102 (1±0.5)·102 (0.8±0.6)·102 0.072
59
(Actn) 
(3.7±1.5)·103 (1.3±0.2)·102 (1±0.4)·102 (1.4±0.9)·102 (1±0.5)·102 0.851 
61 (1.7±0.6)·102 (0.9±0.4)·102 (1.2±0.6)·102 (1.1±0.6)·102 (1.3±0.5)·102 0.450 
63 45±23 (4.2±3.7)·102 (3.8±3.1)·102 (3.6±2.4)·102 (2.6±1.4)·102 0.002 
69
(Isop) 
(4.6±1.1)·102 (1.2±0.3)·102 (1.2±0.4)·102 (1.3±0.4)·102 (0.9±0.3)·102 0.380 
71 60±61 (1±0.9)·102 (1.2±0.7)·102 (1.8±1.6)·102 (2±1.6)·102 0.925 
88
(DMAC)c
(6.8±2)·102 (0.8±0.4)·102 (2.5±1.6)·102 (1.1±0.6)·102 (2.9±2)·102 0.007
93 22±14 (0.6±0.8)·102 (0.6±0.9)·102 (1.2±1)·102 (1.5±1.3)·102 0.410 
95 (2.5±0.8)·102 (1.3±0.5)·102 (2.9±1.6)·102 (2.1±0.7)·102 (3.3±1.7)·102 0.000
aidentification is tentative.  
bP value of change determined using student’s t-test for equality of means. P values smaller 
than 0.1 are considered significant. 
cDMAC = N,N-dimethylacetamide 
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Fig 6.4 Concentrations of 6 different compounds in the glass cuvette enclosing three Tedlar 
bags filled with calibrated mixture. As the concentrations of compounds in the bags decrease 
(see Fig 6.3), a corresponding increase is found in the surrounding airspace in the cuvette. The 
temperature was the same for all time points (22 °C). 
6.4. Conclusion 
We have tested the suitability of black-layered Tedlar bags for breath sampling. 
The contents of the bags were found to be polluted, by two compounds giving rise to 
characteristic ions at masses 88 and 95 amu, identified by 2 independent groups as 
N,N-dimethylacetamide and phenol, respectively [40, 41]. It should be kept in mind 
that these products are present in significant quantities when analyzing the volatile 
content of the bags. The ion intensities and the variation therein essentially make them 
“blind spots” in PTR-MS analysis of the bag contents, since the amount of pollution 
varies greatly from one bag to another. 
Compounds from the standard gas mixture are found to display considerable 
and reproducible losses between 5 and 50% during filling. The losses possibly occur 
due to sticking effects on the septum in the fitting. After this drastic decrease during 
filling, all compounds except styrene show only a slow decrease in concentration, 
ranging from ~ 10 % within 2 days for isoprene to ~25 % for styrene, which shows by 
far the fastest decrease of all compounds tested (see Fig 6.3). The compounds in the 
test mixture represent most chemical groups of volatile organic compounds usually 
found in breath [42]. An important other chemical group, sulphur compounds, has been 
investigated in more detail elsewhere [25]. The pure compounds tested here all display 
a half life of ~6 days or longer. 
Immediate losses during filling can also be expected for breath VOCs, although 
these have not been tested here. Most of the losses during storage from compounds in 
breath were limited to less than 10% within 52 hours. These observed decreases from 
VOCs in breath samples (compared are methanol, acetaldehyde, acetone and isoprene) 
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are lower than the decreases measured for the compounds in the standard gas mixtures. 
This might be due to the relatively high concentrations (200 ppbv or higher) from the 
pure compounds in comparison to most values commonly found in breath. Diffusion, 
which we showed to be a loss mechanism, depends on the concentration gradient, 
decreasing the losses with decreasing differences in concentration between the inside of 
the bag and the environment around it.  
Relative humidity showed not to have a significant effect on the lifetime of 
compounds in the bags. Groves and co-workers [31] did find a significant influence for 
methanol and acetone, but only at supersaturated humidity levels. 
Even though two compounds are demonstrated to pollute the contents of the 
bags, these will not interfere with the analysis of other compounds contained in them. 
After immediate losses during filling, only slow and reproducible (comparable for all 
bags measured in two series of measurements) decreases in concentrations are 
observed. The variations in these losses are generally smaller than the inter-personal 
differences for most compounds present in breath (for these variations, see for instance 
[43-46]). To increase reproducibility, we advise a fixed point in time after sampling is 
chosen for the analysis of the contents. We conclude that, as long as the bags are 
characterized for the compounds measured in such a study and a fixed time point after 
collection is chosen, black-layered Tedlar bags are suitable to be used for sampling 
breath in clinical studies, where it is not possible to analyze the breath sample 
immediately.  
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Chapter 7 
An off-line breath sampling and analysis 
method suitable for large screening studies 
Abstract1
We present a new, off-line breath collection and analysis method, suitable for large 
screening studies. The breath collection system is based on the guidelines of the 
American Thoracic Society for the sampling of exhaled NO. Breath containing volatile 
gases is collected in custom-made black-layered Tedlar bags and analyzed by Proton-
Transfer Reaction Mass Spectrometry (PTR-MS). The collection method and data 
analysis is validated for its accuracy, precision, selectivity, limits of detection, 
sensitivity and reproducibility. Consecutive fillings of 5 bags by the same person gave 
reproducible results to within 12% relative standard deviation (RSD) for methanol, 
acetaldehyde, acetone and water content from breath, while isoprene was constant to 
within 30% RSD. In an exploratory small scale case-control study, we monitor the 
exhaled breath of 11 lung cancer patients on the day before surgery. The control group 
consisted of 57 age-matched subjects, the so-called “healthy smokers”. This study is 
used as an example of the system presented here.  
Marco M.L. Steeghs, Simona M. Cristescu, Paul Munnik, Pieter Zanen and Frans 
J.M. Harren “An offline breath sampling and analysis method suitable for large 
sreening studies” Submitted.
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7.1 Introduction
Modern breath analysis started in the 1970s when Pauling isolated over 200 
gaseous compounds in human breath [1]; currently more than 1200 compounds have 
been observed [2, 3]. Many case studies were performed to define biomarkers (specific 
compounds that show the presence or absence of a disease) in breath, varying from 
lung [4-7] to intestinal diseases [8], schizophrenia [9] or “general” UV-induced lipid 
peroxidation [10, 11]. 
However, various sampling and/or analysis techniques were used [12, 13]. 
Some studies sampled mixed expiratory breath, including dead-space air, while others 
sampled alveolar air only. In the latter, concentrations of endogenous volatile organic 
compounds (VOCs) can be 2 to 3 times higher [13]. The air in the conducting airways 
does not take part in gas-exchange with the blood and therefore mostly resembles the 
environmental conditions. To avoid another systematic error, nasal air contamination 
has to be prevented. The soft palate must close, which can be achieved via exhalation 
over a resistance [5, 14-16]. Varying the exhaled flow rates causes differences in 
contact time between the conducting airway mucosa and the exhaled air, modifying the 
exhaled concentrations [17]. As a result of these varying collection methods, outcomes 
are difficult to compare and to extrapolate. Therefore, standardized sampling methods 
should be implemented [12, 13], such as for the determination of the amount of NO in 
exhaled air, for which standardized procedures are available [16].  
In screening programs, one tries to identify patients having a certain disease 
from large amount of people at high risk for developing that disease. A first challenge 
in such a program would be to find markers for the specified disease. The methods to 
be used for such research are preferably non-invasive, fast and cheap. Since in a mass 
screening situation large numbers of patients are tested, the sampling method should be 
standardized and suited for a high throughput of samples. This is the reason why we 
choose an off-line breath sampling method for this study.  
Based on the ATS guidelines [16] for offline measurement of exhaled NO, we 
present and validate a method for the collection of breath VOCs. Proton-Transfer 
Reaction Mass Spectrometry (PTR-MS) [18, 19, 20] is used to monitor the breath 
profile, since it is a versatile, fast and sensitive method that requires no sample pre-
concentration [20, 23, 24, 25]. In screening programs, one tries to identify patients 
having a certain disease from large amount of people at high risk for developing that 
disease. A first challenge in such a program would be to find markers for the specified 
disease. The methods to be used for such research are preferably non-invasive, fast and 
cheap. Since in a mass screening situation large numbers of patients are tested, the 
sampling method should be standardized and suited for a high throughput of samples. 
This is the reason why we choose an off-line breath sampling method for this study.  
As an example application, we performed a pilot study on 11 patients with lung 
cancer, who were about to undergo surgery. The contents of their breath were 
compared with a control group of 57 ‘healthy smokers’ with a similar smoking 
behavior, but without cancer, emphysema or an impaired lung function. We applied a 
statistical analysis on the mass spectra obtained from these 68 subjects to see if we 
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could identify differences between healthy and lung cancer patients in the fingerprints 
obtained with the method presented here. 
7.2. Materials and Methods 
7.2.1 Breath collection 
The breath collection device (Fig 7.1) is designed according to the guidelines 
of the American Thoracic Society [16] for the standardized collection of exhaled NO. It 
consists of a mouth piece connected to a Teflon tubing (¼ inch outer diameter) ending 
in a discard bag and a sample bag. The entrance valve of the sample bag acts as a 
restrictor that limits the exhaled flows to 50 ml/s. Such a low flow rate lengthens the 
contact time between exhaled air and the (inflamed) mucosa, increasing the exhaled 
concentrations. The display of the pressure meter on top of the sampling device helps 
the subject to maintain a constant exhalation flow. A discard bag is used before the 
sampling bag to capture the first part (~ 800 ml) of the breath to prevent interference of 
air from the conducting airways.  
Subjects are asked to take a deep breath and perform one single exhalation into 
the mouthpiece. No nose-clip is used. First, the low resistance discard bag (Procare, 
Groningen, the Netherlands) is completely filled, after which the pressure in the device 
builds up and the collection bag starts to fill. Due to the increased pressure, the soft 
palate closes [5, 14-16]. Breath samples (~ 800 ml) are collected in 1 liter black-layered 
custom-made Tedlar bags (SKC Inc., Eighty Four, Pa, USA), which are cleaned with a 
flow of ~25 l/h of synthetic air (mixture of purified nitrogen and 20 ± 1 % purified 
oxygen; < 3 ppmv H2O, < 0.5 ppmv CnHm; Air Liquide BV, Eindhoven, the 
Netherlands) for more than 2 hours, before use or re-use. 
Before providing the sample for analysis, the subjects are shortly instructed on 
how the sampling device works and get familiar with it by filling a dummy sample bag. 
For each subject, a sterilized set of tubing was used. All tubes and connections in the 
collection device are made out of Teflon (Polyfluor BV., Oosterhout, The 
Netherlands/Metron Technologies, Wychen, The Netherlands). The samples are 
transported to Nijmegen, where they are analyzed after a fixed period of time (~ 54 h). 
7.2.2 Ambient concentrations 
Volatiles are present in ambient air and thus influence the composition of the exhaled 
breath [16]. A washout period, breathing purified air, would therefore be needed [11, 
12]. To minimize the burden for the patients and the contact time per patient, we 
choose not to do so, but to monitor the composition of the inhaled air [12]. For each 
breath sample taken, the inhaled room air is sampled using a Teflonized micro 
diaphragm gas pump (NMP 830, KNF-Verder B.V., Vleuten, The Netherlands) filling 
an identical Tedlar bag. These ambient air samples are analyzed and if they are found 
polluted with high concentrations of one or more VOCs, the specific breath sample is 
not taken into the analysis.  
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Fig 7.1 Schematic representation of the breath sampling device. The patient exhales into a 
mouth piece (A). The exhaled air goes through a T-piece (B) through a piece of ¼” Teflon 
tubing (C) to a discard bag (D), where the first part of a single breath is discarded. When the 
discard bag has been filled, pressure builds up and air starts to flow through a resistance, 
formed by the inlet valve (F) of the bag (G). The pressure in the sampling device is measured by 
a pressure gauge (E), which continuously feeds back the pressure from an LED-display, so the 
volunteer can keep the flow rate on the desired value. 
7.2.3 VOC analysis 
Proton-Transfer Reaction Mass Spectrometry (PTR-MS) [18, 21, 26] is a 
versatile, fast and sensitive technique. The PTR-MS system has been described in detail 
by Boamfa et al [19] and Steeghs et al [20] (also see Fig 5.1 and 6.1). In short, organic 
trace gases are ionized by a proton-transfer reaction with H3O+ ions: 
OHRHROH ck 23 o
  (1) 
where R is any trace gas component able to react with H3O+. This proton-transfer 
reaction only takes place if the proton affinity (PA) of the analyte is higher than that of 
water. The normal constituents of air (NO, CO, CO2, O2 etc) all have a PA lower than 
that of water, assuring no interference. The reaction product ions are mass analyzed 
using a quadrupole mass spectrometer and detected by a secondary electron multiplier 
(SEM). The proton affinity of most organic compounds is in the range of 7-9 eV, while 
the proton affinity of water is 7.16 eV [27], which makes the excess energy of the 
reaction low. The resulting mass spectrum is therefore relatively simple. Besides, the 
PTR-method is sensitive as compared with electron impact ionization. Unfortunately, 
alkanes, methylated alkanes and some alkenes cannot be measured with PTR-MS due 
to their low PA. 
The drift tube of the PTR-MS is operated at 2-2.5 mbar, so no pump is needed 
to transport the contents of the bags to the measurement device. The bags are simply 
connected to the gas inlet via a ¼” Teflon tube. All flow-through gas handling parts are 
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made of Teflon to avoid any adsorption of the VOCs to the wall material. From every 
bag 5 mass scans (20 – 150 amu) are taken and from each mass the area under the 
peaks (m - 0.5 to m + 0.5) are calculated and averaged over the five scans.  
7.2.4 Validation experiments 
The screening study’s first goal is the identification of potential marker masses. 
Therefore, two aspects of the PTR-MS mass scan results need to be validated: the ion 
intensity and the mass determination.  
Accuracy (agreement with “real” value) and precision (agreement between 
independent measurements) of the mass determination are measured from 35 scans of a 
preset concentration, where the measured peak position is expressed as a percentage of 
the expected peak position. Selectivity of the system is determined by measuring the 
interference of a high ion signal on its neighboring mass signal (m+1) for the 
compounds acetaldehyde (interference on mass 46 amu by mass 45 amu), benzene 
(mass 80/mass 79 amu) and toluene (mass 94/mass 93 amu). Interference is corrected 
for naturally abundant isotopes. 
Accuracy and precision for the ion intensity measurement are determined from 
mass spectra obtained from a certified gas mixture consisting of methanol (600 ppbv), 
acetaldehyde (800 ppbv), acetone (900 ppbv), isoprene, benzene, toluene and styrene 
(1000 ppbv). Accuracy and precision are determined from 20 measurements each day 
of the diluted certified mixture over 5 different days.  
 The reproducibility of the sampling and analysis ensemble is determined by 
monitoring the ion intensity at masses 33, 45, 59 and 69 amu, supposed to correspond 
to methanol, acetaldehyde, acetone and isoprene, respectively. Two series of 5 bags 
were filled with breath. One person filled 5 bags with breath with 5 minute intervals 
between sequential breath samples. Another person filled 5 bags within 3 minutes. 
After 2-3 hours the contents were measured to see how constant the collected breath 
values were for methanol, acetaldehyde, acetone and isoprene, four of the main VOCs 
usually present in breath. Additionally, the water content was monitored by the ratio 
m37/m19 (m37 represents the cluster ion H3O+ · H2O and m19 represents H3O+). 
7.2.5 Application: case-control study on lung cancer 
Subjects with surgically removable lung cancer were selected for this case-
control study: eleven subjects participated and represent the cases. The controls did not 
suffer from lung cancer, pulmonary function impairment or emphysema, but had the 
same smoking burden. These subjects can be considered as ‘healthy’ smokers. No 
specific restrictions were applied to the participants regarding food, drinks, diets, 
exercise etc. 
Breath samples were obtained as described above and evaluated via stepwise 
forward logistic regression [28]. However, the large number of parameters (130 m/z 
ratios; “masses”), delivers an unfavorable case/variable ratio: a rule of thumb requires a 
ratio of 10:1, a problem shared with micro-array studies. This requirement is not 
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fulfilled and hence the outcome of the stepwise forward logistic regression can be 
unreliable. This problem was approached via bootstrapping, a well known re-sampling 
technique [29], which takes a sample with replacement from the database and the 
stepwise forward logistic regression is run on that sample. The outcome in terms of a 
set of masses discriminating between ‘cancer’ and ‘no cancer’ is stored. This procedure 
is repeated 250 times and a database of 250 sets of parameters is generated. 
Suitable markers appear often in the bootstrap samples, but a high prevalence is 
not a guarantee for a good marker: a non-significant one can still often be present and 
contribute little. We removed these via a confirmatory logistic regression: as the goal of 
experiments as this is only to define a possible set of markers, we choose p=0.10 as an 
inclusion level and p = 0.30 as an exclusion level. 
The probability to make a correct diagnose of the presence or absence of lung 
cancer is reflected by the area under the ROC (receiver operating characteristic) curve. 
The ROC curve is a plot of the true positive rate against the false positive rate for 
different possible cut points (that result above which a person is decided to be called 
“diseased” or “healthy” according to the test) of a diagnostic test; it shows the tradeoff 
between sensitivity and specificity The area under the curve is a measure of the quality 
of the test, where an area of 0.5 is the result of “flipping a coin” and 1.0 is the ideal 
result.
All statistics were calculated with SPSS statistical software package version 13 
(SPSS, Chicago, USA). P-values <0.05 were considered significant. 
7.3 Results 
7.3.1 Validation of the approach 
The gas sample bags have been tested for their storage and collection abilities 
for various different compounds previously [30]. To validate the whole method, which 
includes breath sampling and analysis, several properties of the system are analyzed.  
Linearity
In a mass scan, ion intensities are measured at all m/z ratios from 20 to 150 
amu. The ion signal is linear with the concentration of the trace gas component (R) and 
with the initial number of H3O+ ions [18] reflected by equation (1). The range of 
linearity of this system is determined by the total concentration of all detectable 
compounds and their respective sensitivities. The response of a PTR-MS system is 
linear up to the point where the primary ion signal has decreased with ~ 10% of its 
value without any VOC present. Assuming a primary ion intensity of 1·106 a linear 
range of 5 orders of magnitude is achieved [18] 
Reproducibility
The methanol, acetaldehyde and acetone signals from the breath of 2 
volunteers, collected in 2 x 5 bags are displayed in Fig 7.2. The average values and 
corresponding relative standard deviation (RSD) of 4 compounds and the water content 
are given in Table 7.1. For subject 1 the highest variability is found for isoprene, which 
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was found at the lowest ion intensities of all compounds. For subject 2 the variability 
for all compounds is similar and low. 
Table 7.1 Results for the repeatability experiments. Concentrations of 5 compounds in breath 
are compared over 5 bags filled consecutively. The water content is monitored by the ratio 
between mass 37 and mass 21 amu. 
Compound Mean over 5 
bags, person 1 
(ppbv)
 RSD 
person 1 
(%)
Mean over 5 
bags, person 2 
(ppbv)
RSD person 
2 (%) 
Methanol 32.1 5.6 67 4.9 
Acetaldehyde 25.6 5.3 29 8.1 
Acetone 158 11 80 5.6 
Isoprene 1.8 29 17.9 6.6 
Water content* 0.21 8.6 0.189 6.3 
* the water content is expressed as the ratio between masses 37 and 19 amu 
Fig 7.2 Ion intensities for 2 series of 5 bags filled consecutively. Each series has been filled by 
one volunteer, the first series with time intervals of 5 minutes between sequential bags, while the 
second series has been filled within 5 minutes. 
Selectivity 
The interference on a certain mass by the neighboring mass is determined for 3 
masses (Table 7.2), but increases with increasing concentration of the interfering 
compound. The concentrations of the compounds used in this measurement are ~ 60 
ppbv, which is a moderate to high concentration for most VOCs in breath. Interference 
in all cases was below 2%. In general, the interference will therefore be less than this 
(except for acetone and isoprene).
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PTR-MS monitors concentrations of VOCs in airstreams by accurately 
determining the m/z value of an ion and the ion intensity at that specific m/z value. 
Since PTR-MS is equipped with a quadrupole mass spectrometer, which cannot 
distinguish between different isomers, the ion intensity that is monitored is the intensity 
of the sum of all ions with the same m/z ratio. PTR-MS is therefore not selective in the 
compounds measured [21, 22, 23].  
Accuracy and precision 
For 6 compounds the precision and accuracy of the mass determination is given 
in Table 7.2. It should be noted that the mass scale is scanned in steps of 0.06 amu so 
the peak position is determined on this discontinuous scale, decreasing the accuracy 
somewhat. The precision and accuracy of the ion intensity is given in Table 7.3. The 
accuracy is found to be between 89 and 104 %. 
Table 7.2 Results of precision and accuracy of the mass determination  
Real mass 
(amu)
Measured mass 
(amu) ± sd 
RSD Accuracy (%) Interference 
on m+1 (%) 
45.05 44.96±0.028 0.062 99.66  
59.08 58.00±0.01 0.017 99.66 + 1.7 
69.12 69.01±0.07 0.1 99.64  
79.11 79.0±0.0 0 100 + 1.3 
93.14 93.00±0.01 0.011 99.65 + 2.4 
105.15 105.0± 0.05 0.047 99.67  
Table 7.3 Results of precision and accuracy of the ion intensity determination of the PTR-MS, 
determined through the measurement of a dilution of the certified gas mixture (N = 100 
measurements). Inaccuracy in the concentration in the calibrated mixture is around 10%. 
Compound Concentration 
(±10%) 
Avg  Accuracy 
(%) 
RSD (%) L.O.D. 
(ppbv) 
Sensitivity 
(ncps/ppbv)
Methanol 300 313 104  14.7 1 28.6  
Acetaldehyde 400 412 103 8.7 0.85 42.9 
Acetone 450 458 102 7.9 0.6 51.7 
Benzene 500 485 97 8.0 1 7.68 
Toluene 500 480 96 18.1 0.6 7.75 
Styrene 500 446 89.2 22.2 1 3.86 
Limits of detection and sensitivity
The sensitivity of the method for the 7 different gases from our certified 
mixture and the corresponding limits of detection are listed in Table 7.3, based on 
signal-to-noise = 2 and 1 s measurement time (no averaging). The sensitivity for other 
compounds will be comparable and can be estimated by taking the differences in 
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reaction rate constant and fragmentation ratio into account, since the sensitivity of a 
PTR-MS is proportional to the reaction rate constant [21] 
7.3.2 Application of the method to a small scale control-
case study to find markers for lung cancer 
In this study, 57 male ‘healthy smokers’ were found. Their mean age was 
59.8 ± 5.0 years, they smoked 40.8 ± 15.9 pack years (amount of cigarettes smoked, 
equivalent to smoking 1 pack of cigarettes per day, for 1 whole year). The 11 cancer 
subjects were 56.4 ± 4.5 years and smoked 42.6 ± 16.2 pack years. 
The bootstrapped stepwise forward logistic regression defined masses 25 and 
69 to discriminate between the mass spectral fingerprints of both groups. The 
prevalence in 500 bootstrapped samples were 24.5% (p = 0.041) and 32.0% (p = 0.087) 
respectively. The area under the ROC curve (Fig 7.3) for this test was 0.81. The median 
M25 value was 18.2 in the controls and 7.40 in the cases, for m69 these values are 15.7 
resp. 94.4 normalized counts per second (ncps). 
Fig 7.3 ROC curve of the VOC test. 
7.4 Discussion and Conclusions 
This study presents the design and validation of a single-breath sampling and 
analysis method suitable for large screening studies. As an example, we applied this 
method on a small scale control-case study to find markers for lung cancer. Two 
parameters (masses 25 and 69 amu) were found to distinguish between ‘healthy 
smokers’ and cancer patients. The area under the ROC curve was 0.81.  
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It should be noted that the number of subjects with cancer (N=11) in this 
pilot study is too small for a reliable statistical analysis. Therefore, the outcome of this 
study should be considered as highly tentative and it can best be regarded as an 
interesting illustration of the presented method. In a PTR-MS instrument, usually zero 
concentration is measured on mass 25 amu; otherwise, mass 25 is regarded to reflect 
instrumental noise. However, at this mass we do find a non-zero contribution and a 
difference between the values for the two groups (healthy and diseased). Mass 69 
usually represents isoprene, which is a marker of inflammation or lipid peroxidation 
and is present in breath in relatively high concentrations. Also furan is measured on this 
mass and is reported in breath as a marker for smoking (Sanchez et al. 2006). 
Usually, gas chromatography mass spectrometry (GC-MS) is used to analyze 
the composition of breath. However, GC-MS is time consuming, needs breath pre-
concentration and cannot provide on-line and multiple breath profiles. Sample pre-
concentration can cause errors and requires a prolonged breathing time. In screening 
studies a large throughput of patients is required, demanding the collection and analysis 
method to be fast. PTR-MS is sensitive, versatile and needs no sample pre-
concentration. Additionally, it has the time resolution needed for online breath profiling 
and requires only one single breath stroke for repeated measurements of selected 
volatiles. Therefore, this technique is very suited to be used in clinical situations, where 
the breath of the patients can be sampled and where an outcome of the diagnostic test 
can be received within a few minutes in a simple way without any discomfort to the 
patient.
Validations of the mass determination as well as the ion intensity 
measurements are performed and accuracy, precision and selectivity are excellent. The 
breath sample obtained using this single-breath sampling technique is shown to be 
representative and reproducible. The relative standard deviations for methanol, 
acetaldehyde, acetone and the relative water content in the breath of 2 subjects are 
within 12% in 5 consecutively sampled bags. The relative standard deviation of 
isoprene is within 30% in 5 consecutively sampled bags. Lindinger et al (Lindinger et 
al. 1998) measured the isoprene content in breath and found variations of up to 50% in 
exhaled concentrations. Reproducibility of the values of isoprene is better for the 
second series than for the first series. In the first series, longer time intervals were used 
between successive fillings. This shows that the sampling is reproducible and reliable. 
In the pilot study we use an approach that is unique in the sense that the control group 
consisted of “healthy smokers”, which represents the group of patients most likely to be 
encountered in a regular clinical situation. The differences between this control and 
diseased group are probably much smaller when compared to a control group of 
“healthy volunteers”. Of course, this might further obscure the differences between 
both groups and complicate the analysis. This experimental setup forms challenging 
“uncontrolled” (no restrictions on food, diet, exercise etc) conditions, very much 
resembling a normal clinical setting.  
This method is suitable for collection and analysis of breath via single-breath 
sampling. Due to the short operating time, ease of use and versatile detection technique, 
this method is highly suited for screening studies where a high throughput and 
therefore a short contact time with the patient are required.  
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Chapter 8 
Diagnosis of emphysema via exhaled 
volatile organic compounds1
Measuring the VOC breath profile as a marker for COPD has the potential to 
become a useful tool in medical diagnosis, especially when applied to population 
screening, because it is fast, easy, non-invasive and involves no risk to the patient. We 
demonstrated that the results are comparable to results of the pulmonary function tests 
and their combination leads to a better diagnostic quality.  
Abstract
Rationale: Chronic obstructive pulmonary disease is a non-curable disease for 
which the risk groups are well defined. Screening could allow early-stage identification 
of the disease. 
Objective: To explore the capability of measuring exhaled volatile organic 
compounds to replace or complement pulmonary function tests in detecting severe and 
especially mild emphysema found on high-resolution computed tomography in 
(recently quitted) heavy smokers.  
Methods: Current and former male smokers participated in a population based 
multi-center lung cancer screening trial. Computed tomography scans, pulmonary 
function tests and breath sample collection were performed on the same day for 431 
subjects.
Measurements: Breath samples were analyzed with a proton-transfer reaction 
mass spectrometer to obtain the volatile organic compounds profiles.  
Main Results:  Using bootstrapped stepwise forward logistic regression, we 
identified specific breath profiles as a potential tool for diagnosis of emphysema, 
airflow limitation and/or gas-exchange impairment. Suitable markers for minor 
emphysema were m148, m125, m82 and m133; for severe emphysema these were 
m134, m98, m148, m102 and m50.  
This chapter is based on: Simona M. Cristescu, Marco M.L. Steeghs, Hester A. Gietema, Paul 
Munnik,Cas Kruitwagen, Rob J. van Klaveren, Mathias Prokop, Jan-Willem J. Lammers, Frans 
J.M. Harren, Pieter Zanen. “Diagnosis of emphysema via exhaled volatile organic compounds”.
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The area under the receiver operating characteristic curve of the pulmonary 
function tests was 0.644 for mild emphysema and 0.824 for severe emphysema, while 
the combination of the pulmonary function tests with the breath analysis rises these 
values to 0.681 and 0.863, respectively. 
Conclusion: The exhaled breath profile provides comparable results to 
pulmonary function tests in detecting emphysema and the combination of both leads to 
an improved diagnostic quality.  
8.1 Introduction 
For chronic obstructive pulmonary disease (COPD) no cure is available, but the 
risk-groups are well defined. Screening may allow identification of subjects in an early 
stage of the disease, who then can benefit from a risk-modifying therapy [1]. 
Emphysema reflects the destruction of lung tissue and is mostly diagnosed with 
computed tomography (CT), by highlighting areas with an abnormally low attenuation 
[2]. The extent of emphysema is expressed as a percentage of the total lung volume and 
the severity of the pathology can be defined as either mild or severe [3]. That loss is 
approached via the measured X-ray attenuation, expressed in Hounsfield units (HU). 
The drawbacks of CT-scans are the immobility of the equipment and the radiation 
burden, although recent developments reduced that significantly [4]. Pulmonary 
function testing (PFT) is of course more easily performed and to lower costs in a large 
population at-risk [5-7]. It is known that PFT might not detect emphysema when it is 
present without airflow limitation [8]. 
The human breath contains a variety of volatile organic compounds (VOCs). In 
the last decade, there has been an increased interest in application of exhaled breath 
analysis in disease diagnosis or therapy monitoring [9, 10]. Since breath analysis can be 
performed easily, non-invasively, presenting minimal risk and negligible discomfort to 
patients, it allows large numbers of subjects to be investigated. Among the methods 
currently used for breath analysis, proton-transfer reaction mass spectrometry (PTR-
MS) [11-13] has been established as a promising tool for a rapid and on-line 
determination of exhaled VOCs profile [14-16]. 
The aim of this study was to explore breath analysis as a non-invasive method 
to replace or complement PFT in detecting severe and especially mild emphysema in 
heavy smokers, participating in a lung cancer screening trial. The assumption is that 
emphysema is characterized by inflammation, which will alter the chemical 
composition of exhaled air. We focused on monitoring the volatile organic compounds 
(VOCs) profile in exhaled breath using PTR-MS. The detection of airflow limitation or 
impaired gas-exchange based on exhaled VOCs were secondary goals. 
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8.2 Material and Methods 
8.2.1 Subjects 
The subjects included participated in the “NELSON-project”, a Dutch-Belgian 
multi-center lung cancer screening. Selection of NELSON-project participants was 
performed by sending a questionnaire about smoking history and other health related 
questions to people between 50 and 75 years of age, living in the areas around the 
participating centers. Current and former male smokers meeting the inclusion criteria of 
having smoked a minimum of 16 cigarettes/day for 25 years or 11 cigarettes/day for 30 
years, who gave informed consent, were equally randomized to either the screening or 
the control arm. Persons with a moderate or bad self-reported health status, who were 
unable to climb two flights of stairs were excluded. Persons with current or past renal 
cancer, melanoma, breast cancer or with lung cancer diagnosed less than 5 years before 
recruitment were also excluded. From the participants who underwent baseline 
screening in our hospital, randomly one out of three subjects was selected for 
pulmonary function testing on the same day. The trial was approved by the Dutch 
ministry of health and by the ethics committee of each participating hospital. 
8.2.2 CT Scanning and Calculation of Emphysema Scores 
CT scanning was performed by a 16 detector-row scanner (Mx8000 IDT or 
Brilliance 16P, Philips Medical Systems, Cleveland, OH) with 16x0.75mm collimation. 
A caudo-cranial scan direction was applied and the entire chest was scanned in 
approximately 10 seconds. No intravenous contrast injection was used. Exposure 
settings were 30mAs at 120kVp for patients weighing d80 kg and 30mAs at 140kVp 
for those weighing >80 kg. We reconstructed axial images of 1.0 mm thickness at 0.7 
mm increment, using the smallest field of view (FOV) to include the outer rib margins 
at the widest dimension of the thorax. All scans were reconstructed with a soft kernel 
(Philips “B”) at 512x512 matrix.  
Extent of low-attenuation areas was determined with a density mask method, 
using in-house developed software (imageXplorer (iX), Image Sciences Institute, 
Utrecht, The Netherlands). Segmentation of trachea, left and right lung was performed 
by a fully automated region growing program starting in the trachea, which included all 
connected areas below -500HU. In a second step, trachea and main bronchi were 
excluded from the lungs. The algorithm is similar to the one described by Hu and co-
workers [17]. The number of voxels within the segmented area was multiplied by the 
size of a voxel to calculate total lung volume. Finally, segmented lungs were subjected 
to a noise reduction filter [18].  
Areas with an attenuation < -950 HU represent severe emphysema, < -910 HU 
mild emphysema [19]. The emphysema score (ES) was calculated as the volume with 
an attenuation below the above threshold, expressed as a percentage of total lung 
volume. Subjects with an ES1% for areas <-950HU had pathologic amounts of severe 
emphysema, while subjects with an ES 10% for areas <-910HU had pathologic 
amounts of mild emphysema.  
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8.2.3 Pulmonary Function Tests  
Pulmonary function tests included forced expiratory volume in one second 
(FEV1) and vital capacity (VC) performed with a pneumotachograph, followed by 
assessment of diffusing capacity of the lung for carbon monoxide (Dlco) and alveolar 
volume (VA), according to ERS guidelines [19]. Participants were asked to refrain 
from smoking. Upon arrival, subjects rested for 15 minutes after which non-forced 
spirometry tests were performed, immediately followed by recording of flow-volume 
curves. The best of three attempts was selected for analysis. No reversibility testing 
was applied. Subjects were staged according to updated global initiative for chronic 
obstructive lung disease (GOLD) guidelines [20]. 
Diffusing capacity measurements were performed after spirometry. The 
inhalation mixture contained 0.3% CO and 10% He with balance air. A breath-holding 
period of 10 seconds was used. Dlco was not corrected for Hb, because in a normal 
population such correction is not useful [21], but for alveolar volume (Dlco/VA). 
Abnormal pulmonary function parameters were defined as values  -1.64 standard 
deviations below reference values [19].  
8.2.4 Exhaled breath sampling and measurement
Exhaled breath samples were taken before the PFT. Single breath samples were 
collected in Tedlar bags using a custom-built collection device at flows of 50 ml/s [22]. 
It consists of a mouth piece connected to a Teflon tubing (¼ inch outer diameter) 
ending in a discard bag and a sample bag. The entrance valve of the sample bag acts as 
a restrictor that limits the exhaled flows to 50 ml/s. Such a low flow rate lengthens the 
contact time between exhaled air and the (inflamed) mucosa, increasing the exhaled 
concentrations. The display of the pressure meter on top of the sampling device helps 
the subject to maintain a constant exhalation flow. A discard bag is used before the 
sampling bag to capture the first part (~ 800 ml) of the breath to prevent interference of 
air from the conducting airways.  
Subjects are asked to take a deep breath and perform one single exhalation into 
the mouthpiece. No nose-clip is used. First, the low resistance discard bag (Procare, 
Groningen, the Netherlands) is completely filled, after which the pressure in the device 
builds up and the collection bag starts to fill. Due to the increased pressure, the soft 
palate closes. Breath samples (~ 800 ml) were collected in 1 liter black-layered custom-
made Tedlar bags (SKC Inc., Eighty Four, Pa, USA), which are cleaned with a flow of 
~ 25 l/h of synthetic air (mixture of purified nitrogen and 20 ± 1 % purified oxygen; < 3 
ppm H2O, < 0.5 ppm CnHm; Air Liquide BV, Eindhoven, the Netherlands) for more 
than 2 hours before use or re-use. 
Before providing the sample for analysis, the subjects are shortly instructed on 
how the sampling device works and get familiar with it by filling a dummy sample bag. 
For each subject, a sterilized set of tubing was used. All tubes and connections in the 
collection device are made out of Teflon (Polyfluor BV., Oosterhout, The 
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Netherlands/Metron Technologies, Wychen, The Netherlands). The samples are 
transported to Nijmegen, where they are analyzed after a fixed period of time (~ 54 h). 
The analysis of exhaled compounds was performed with a PTR-MS instrument 
[23, 24]. Briefly, in PTR-MS trace gases with a proton affinity higher than that of water 
are ionized by a proton-transfer reaction with H3O+ ions, after which the product ions 
are mass analyzed and detected with a quadrupole mass spectrometer (11). There are no 
interferences with natural constituents of air (N2, O2, COx, NO) since they do not react 
with the H3O+. PTR-MS is a fast, sensitive and versatile online monitoring technique, 
which measures the ion intensity at each mass number. The mass number of the 
detected ion is given by the molecular mass of the substance plus the mass of the single 
proton mH (1 amu). We refer to a particular substance (parent ion or fragment ion) by 
the mass of the product ions, e.g. m42 (amu) corresponds to acetonitrile (molecular 
mass of 41).  Mass scans covered the range between 20 amu and 160 amu.  
8.2.5 Statistics 
We calculated means, standard deviations and 95% confidence intervals (CI) 
for normal distributed parameters or medians and 25%/75% quartiles for non-normal 
distributed ones.
Suitable markers were selected from a large body of candidates using stepwise 
forward logistic regression is used. However, the large number of mass numbers 
(~140), delivers an unfavorable case/variable ratio: a rule of thumb requires a ratio of 
10:1 and the outcome of the stepwise forward logistic regression can therefore be 
unreliable. We approached this problem via bootstrapping [25], which takes a sample 
with replacement from the database and the stepwise forward logistic regression is run 
on that sample. The outcome in terms of a set of mass numbers that discriminate 
between ‘emphysema’ and ‘no emphysema’ is stored. This procedure was repeated 250 
times to obtain a database of 250 sets of suitable mass numbers. The p-value for entry 
of a mass number was set at 0.15 and for removal at 0.30 in this initial selection phase 
[26]. 
Suitable markers should appear often in the bootstrap samples; the prevalence 
in the 250 samples was estimated. However, a high prevalence is not a guarantee for 
selecting a good marker: a non-significant one can still be present often, so we need to 
remove any frequent non-discriminators. The most prevalent mass numbers (>50%) 
were therefore subjected to logistic regression with the aim to determine their 
significance levels.
Logistic regression analysis calculates the probability of an individual to 
belong to either the ‘diseased’ or ‘non-diseased’ group and these probabilities were 
used to calculate the area under the ROC curve to diagnose a lowered FEV1/VC,
Dlco/VA and mild/severe emphysema.  
All statistics were calculated with SPSS statistical software package version 13 
(SPSS, Chicago, USA). P-values <0.05 were considered significant. 
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8.3 Results
From 431 subjects, we obtained CT-scans, PFT and exhaled breath samples on 
the same day.  Characteristics of these subjects are shown in Table 8.1. 264 subjects 
were classified as GOLD 0 (at risk), 122 subjects as GOLD 1 (mild emphysema), 41 as 
GOLD 2 (moderate emphysema) and 4 subjects as GOLD 3 (severe emphysema). No 
GOLD 4 subjects were found. Median emphysema scores according to GOLD stage are 
given in Table 8.2. 
Table 8.1. Demographic data of subjects by gold stage (based on PFT).
*median (25%-75%); all others mean ±SD. 
Table 8.2. Median emphysema scores (25 – 75%) broken down by gold stage (based on CT-
scan results) 
mild emphysema severe emphysema 
GOLD 0 4.9 (1.2 – 14.1) 0.06 (0.02 – 0.16) 
GOLD 1 15.4 (6.3 – 25.1) 0.25 (0.08 – 0.86) 
GOLD 2 16.0 (4.9 – 26.2) 0.31 (0.12 – 1.73) 
GOLD 3 43.0 (30.8 – 44.9) 4.09 (2.25 – 7.71) 
8.3.1 Mild emphysema 
Mild emphysema was found in 196 subjects (45.5%, 95% CI 40.8% - 50.2%). 
The bootstrap stepwise forward logistic regression delivered a profile of 6 mass 
numbers (Table 8.3). The highest prevalence did not exceed 75%, so we included mass 
numbers with a frequency 45%. The mass numbers were weakly intercorrelated: the 
strongest Spearman correlation coefficient was -0.380, avoiding multi-collinearity bias. 
The ROC area to detect pathological amounts of mild emphysema was 0.615 (95% CI 
0.562 – 0.668). Removal of those mass numbers with a p-value 0.1 reduced the ROC 
area by 0.018. 
Stage age (yrs) packyears* FEV1 (% 
predicted)
FEV1/V
C (%) 
Dlco (% 
predicted) 
Dlco/VA (% 
predicted) 
Gold 0 59.9 ± 5.4  35.7 
(25.3 – 46.2) 
104.3 ± 
14.9  
77.8±5.2 92.9 ± 16.9 98.8 ± 18.4 
Gold 1 61.9 ± 5.5  41.5  
(34.1 - 49.1) 
93.8 ± 
10.1 
64.3±4.3 87.2 ± 18.6 86.3 ± 15.3 
Gold 2 61.0 ± 6.4 46.3 
(33.7 - 59.1) 
71.6 ± 6.2 57.3±6.6 81.8 ± 18.5 86.6 ± 19.6 
Gold 3 60.3 ± 5.5 38.0 
(36.7 - 56.2) 
46.8 ± 3.4 43.7±4.9 60.9 ± 5.9 70.6 ± 14.6 
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Table 8.3. Possible suitable mass numbers to detect mild emphysema (p-values from the 
confirmatory logistic regression) 
Mass number Prevalence (%) p-value 
m148 64.80 0.021 
m42 63.50 0.115 
m125 58.71 0.032 
m82 47.84 0.018 
m115 43.06 0.110 
m133 41.32 0.029 
The added value of the breath analysis to the classic PFT (FEV1/VC and 
Dlco/VA) was approached by a logistic regression/ROC analysis. The ROC area of the 
FEV1/VC together with Dlco/VA to detect pathological amounts of mild emphysema 
was 0.644 (95% CI 0.589 – 0.699) while combined with the breath analysis it rises to 
0.681 (95% CI 0.628 – 0.734). 
8.3.2 Severe emphysema 
Severe emphysema was diagnosed in 56 subjects (13.0%, 95% CI 10.1% - 
16.5%). The bootstrapping approach delivered a profile of 6 mass numbers (Table 8.4). 
These mass numbers again showed little correlation: largest r = 0.403. The ROC area to 
detect severe emphysema was 0.744 (95% CI 0.679 – 0.809). Removal of the one mass 
number with a p-value 0.1 reduced the  ROC area by 0.008. 
Table 8.4. Possible suitable mass numbers to detect severe emphysema  
Mass number  Prevalence (%)  p-value 
m134 96.00 0.001 
m98 80.40 0.000 
m148 70.00 0.029 
m139 65.20 0.152 
m102 55.60 0.017 
m50 53.60 0.000 
The ROC area of the FEV1/VC combined with Dlco/VA was 0.824 (95% CI 
0.768 – 0.880) while combined with the breath analysis it rises to 0.863 (95% CI 0.814 
– 0.912). 
8.3.3 FEV1/VC
Ninety-seven subjects (22.5%, 95% CI 18.8% - 26.7%) showed a FEV1/VC
value below the lower limit of normal (LLN), defined as <1.64 RSD based on the ERS 
reference equations. The bootstrapping approach delivered a profile containing 12 
prevalent mass numbers (Table 8.5). The strongest Spearman correlation coefficient 
was -0.433. The ROC area to detect an abnormal FEV1/VC was 0.674 (95% CI 0.614 – 
0.735). Removal of those mass numbers with a p-value 0.1 reduced the ROC area by 
0.005. 
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Table 8.5. Possible suitable mass numbers to detect an abnormal FEV1/VC 
Mass number  Prevalence (%)  p-value
m50   82.80 0.001 
m91   81.60 0.007 
m142  78.80 0.084 
m145  73.60 0.030 
m126  66.40 0.071 
m125  63.60 0.184 
m109  61.20 0.084 
m34   56.00 0.000 
m106  53.20 0.004 
m62  52.40 0.443 
m130  50.80 0.619 
m139  50.40 0.257 
8.3.4 Dlco/VA
104 subjects (24.1%, 95% CI 20.3% - 28.4%) showed a Dlco/VA value below 
LLN. The bootstrapping approach delivered a profile with 15 prevalent mass numbers 
(Table 8.6). The highest Spearman correlation coefficient was -0.443. The ROC area to 
detect an abnormal Dlco/VA was 0.607 (95% CI 0.550 – 0.665). Removal of those mass 
numbers with a p-value 0.1 reduced the ROC area by 0.019. 
Table 8.6. Possible suitable mass numbers to detect an abnormal Dlco/VA 
Mass number Prevalence (%) p-value 
M99   85.20 0.885 
M108  84.00 0.004 
M89   79.20 0.000 
M68   76.80 0.099 
M135  73.60 0.237 
M70   72.40 0.132 
M148  66.80 0.637 
M49   60.80 0.267 
M66   60.00 0.072 
m110  56.80 0.107 
m128  54.40 0.900 
m42   52.40 0.533 
m132  51.60 0.235 
m126  51.20 0.019 
m83 50.80 0.010 
8.4 Discussion 
The role of exhaled markers already attracted attention; measurement of 
exhaled NO starts to become a routine procedure. The challenge is the definition of 
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suitable markers, which could be done based on prior in-depth knowledge of 
inflammatory processes. As these are often only partly known, frequently this is an 
educated guess with a high probability of failure. We considered that a scanning 
approach without any a-priori assumptions is more fruitful. This approach is shared 
with genetic array studies. One of the problems one has to face in the scanning 
approach is that the outcome in terms of suitable markers can be highly sample 
dependent due to the unfavorable case/parameter ratio and so extrapolation is often 
difficult [27]. One way to deal with that problem is to chart the degree of sample 
dependency, which we here approached via bootstrapping. The danger of selecting 
highly sample dependent markers is minimized by this approach and therefore 
extrapolation is better guaranteed.  
Since hundreds of VOCs are present in exhaled breath, the analytical 
methodology used is generally based on mass spectrometry. Gas chromatography mass 
spectrometry (GC-MS) is a reliable and widely applied technique [28], but has some 
disadvantages. The exhaled breath with GC-MS must be captured onto a sorbent trap 
and compounds are then identified and quantified after a separation in time over a GC 
column. However, trapping and preconcentration might introduce errors and are very 
time consuming. In comparison, PTR-MS performs sensitive, fast and on-line 
measurements without any preconcentration and allows multiple breath profiles. In 
particular, our PTR-MS instrument requires a low flow rate of sample gas, allowing 
multiple breath profiles with a very limited amount of air. In combination with the 
breath sampling setup we used for this study, it will take only a few minutes to carry 
out the complete breath test (including instruction, sampling and data display) in a very 
simple way and without discomfort to the patients. 
PTR-MS characterizes the substances only by their mass, which is not 
sufficient for full chemical identification: a variety of substances may be associated 
with one mass number and this needs to be elucidated. For some mass numbers the 
literature and databases [29] allows us to indicate possible compounds for several of 
the mass numbers listed in the tables. Thus, the compound corresponding to the mass 
42 is most likely acetonitrile, previously identified by PTR-MS [30, 31]. This 
compound is related to smoking and thus it is not so surprising that in this study done 
in smokers it did not turn out to be a suitable emphysema marker. Mass 68 may be 
pyrrole, a substance related to cigar smoke odour [32]. Sanchez and Sacks [33] 
identified 2-methylfuran (MRH+ = 83 amu) in exhaled breath more than 2 h after 
smoking as a promising breath biomarker for the detection of active smokers. Hexanal, 
one of the 22 breath VOCs indicated by Phillips and colleagues [34] as marker for lung 
cancer, is also measured on mass 83, by its major fragment [35]. Preti and coworkers 
[36] reported significantly elevated concentrations of o-toluidine in the exhaled breath 
of patients with lung carcinoma, which was later confirmed by Rieder and colleagues 
[37]. Ortho (o)-toluidine is measured on mass 108 by PTR-MS (31). Dimethylpyrazine, 
another component identified in tobacco smoke, may be a candidate for mass 109. In a 
recent study, 12 pyrazine derivates, including dimethylpyrazine was suggested to have 
an inhibitory effect on the growth of chick chorioallantoic membrane [38]. 
Where to place these markers? The ROC area for mild/severe emphysema can 
serve as a comparator between classic PFT and the breath-markers. We combined 
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spirometry and gas-exchange measures to grasp as much COPD characteristics as 
possible. The probability to correctly diagnose the presence/absence of mild 
emphysema in that way is 0.646, which is rather low and denotes the difficulty of 
diagnosing these early emphysema stages. The data for the VOCs indicate a probability 
of 0.615, which is 0.031 (or 3.1%) lower compared to PFT. That difference is clinically 
not relevant. Severe disease is always easier to detect and therefore it is not surprising 
that area under the ROC curve for the spirometry and gas-exchange measures to 
diagnose severe emphysema is higher: 0.822 and 0.744 for the VOC-markers. The 
difference is 0.078 (=7.8%), higher as with mild emphysema, but still not dramatically 
different. We like to hypothesize that our approach to breath analysis is comparable in 
terms of diagnostic quality to the PFT and to stress that in this study there were no 
special restrictions regarding food, drinks, diets, exercise, smoking, etc. Selection bias 
was avoided as much as possible. Moreover, the combination of breath VOC breath 
profile with the pulmonary function tests leads to an improved diagnosis quality.  
This study shows the potential of VOC -markers in COPD (particularly 
emphysema) diagnosis. We realize that this is the first step in a longer process and 
further validation is needed. To investigate the pathophysiological role of these VOC 
compounds, their chemical identification will be desired.   
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Chapter 9 
In vitro headspace measurements of 
Mycobacterium tuberculosis and related 
species using PTR-MS
Abstract
In this chapter, we present in vitro measurements of the headspace of 
Mycobacterium tuberculosis, Mycobacterium avium and Mycobacterium kansassii,
using proton-transfer reaction mass spectrometry. These three types of mycobacteria 
were all grown on three different culture media, Middlebrook M7H9, Middlebrook 
M7H11 and Sauton. The VOC patterns in the headspace of these three types of 
mycobacteria in all three different culture media are compared. Additionally, the 
headspace of Mycobacterium tuberculosis is followed in time to monitor the growth 
and to identify which compounds are produced by the mycobacteria. We found 
differences in the volatile blends in the headspace of the three different types of 
mycobacteria studied here. Additionally, the VOC patterns are shown to depend on the 
culture medium in which they are grown. However, it was possible to find marker 
masses that could indicate the presence of Mycobacterium tuberculosis independent of 
the culture medium and three masses were found to be present regardless of which 
mycobacterium and which medium was used. Mycobacterium tuberculosis is the agent 
that is responsible for tuberculosis infection. These masses (m33, 87, 107) are potential 
markers for mycobacterial infection in human breath or sputum headspace. 
Chapter 9 
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9.1 Introduction 
Tuberculosis (TB) is declared a global emergency by the World Health 
Organization. It is estimated that about one-third of the world population is infected 
with Mycobacterium tuberculosis (M. tub.), the agent responsible for TB in humans [1]. 
Each year, 8-9 million new cases occur, with 2-3 million deaths. The majority of these 
new infections and deaths occur in developing countries, where the HIV epidemic has 
considerably contributed to the tuberculosis problem [1]. 
In these developing countries, the usual method for diagnosing TB is by 
detection of the mycobacteria in sputum by direct microscopy. Sputum analysis does 
provide valuable clinical and physiological information. However, the initial clinical 
investigation allows the analysis of only 6-10 samples per hour for a trained lab 
technician. Especially in countries with epidemics, the throughput rate will be far too 
low. Other and newer methods include culturing systems, polymerase chain reaction, 
strand displacement amplification and transcription-mediated amplification. All of 
these methods are either too complicated, too expensive or too time-consuming to be 
widely used [2]. These facts elucidate the need for new, fast, cheap and specific 
methods of diagnosis of TB. 
Studies over the past 25 years provided consistent evidence that various 
microbes and mycobacteria release different quantities and types of volatile organic 
compounds (VOCs) [3, 4]. In recent years, studies using an electronic nose have shown 
great potential for the identification of M. tub. from headspace analysis of cultures or 
sputum and for diagnosing this disease from sputum [1, 2, 5]. These systems have 
shown that M. tub. and other species of mycobacteria produce distinctive patterns of 
VOCs that can be used for identification or diagnosis from sputum or breath [1].  
The only study performed up to now (to our knowledge) to diagnose TB from 
the breath of patients has been conducted by Phillips et al [3], using GC-MS. The 
assumption here was that the VOC composition of exhaled breath may be altered in 
two ways: volatiles emitted from mycobacteria themselves or volatiles caused by 
oxidative stress resulting from M. tub. infection. They found two sets of breath VOCs. 
One set accurately distinguished between normal controls and hospitalized patients 
suspected to have TB. This was based on inflammation indicated by the breath 
methylated alkane contour [6]. The second set distinguished between hospitalized 
patients whose sputum cultures were positive or negative for mycobacterial infection. 
Proton-transfer reaction mass spectrometry (PTR-MS) has the potential of 
measuring online those compounds that are able to distinguish between different 
mycobacteria or between patients with or without TB by analyzing breath or sputum 
headspace. Critchley et al [7] have shown it is possible to measure VOCs from the 
headspace of bacterial cultures using a PTR-MS instrument. Using GC-MS Philips et al
[3] found about 130 compounds consistently detected in the culture headspace, which 
were predominantly derivatives of benzene, naphthalene and alkanes, most of which 
are also detectable by PTR-MS. The advantage of using PTR-MS consists in the 
possibility to measure fast and online sputum headspace or even breath without sample 
preconcentration. The ultimate goal of PTR-MS analysis in this respect would be the 
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online sampling of the breath of suspected TB patients to diagnose their status in vivo.
Diagnosis should then be possible within a few minutes. The first logical step towards 
diagnosis of TB is the identification of VOCs from M. Tub cultures.
In this chapter, the headspace of the cultures of three different mycobacterial 
species, M. tub, M. avium and M. kansassii is analyzed. Several questions are asked: Is 
it possible to distinguish between the different species by the VOCs released in their 
headspace? Do the compounds that are produced depend also on the substrate on which 
the mycobacteria are grown? If so, are there any common masses that can indicate the 
presence of M. tub. regardless of the substrate? If this is the case these masses might 
then be an indicator of TB infection in human breath. Would it be possible to find 
common masses that could indicate mycobacterial infection in a human from its 
breath? Can the development of cultures be followed in time to identify compounds 
that are produced by growing bacteria and are these compounds related to the growth 
stage? PTR-MS monitoring of the headspace of the mycobacterial cultures is used to 
answer all these questions. 
9.2 Materials and Methods 
9.2.1 Liquid cultures 
A standard bacterial growth curve describes the various stages of growth for 
a pure culture of bacteria [8]. When the mycobacteria are transferred into a new 
environment (into a fresh culture medium), there is a lag before they start to divide 
again (lag phase). This is followed by the log phase (exponential growth), the 
stationary phase (equillibrium between growth and cell death) and the death phase 
(exponential decline). The stationary phase usually starts when the cell concentration is 
so high that some part of the environment (space, nutrition, etc) can no longer support 
the exponential growth. After this, the death rate exceeds the growth rate and the death 
phase starts [9]. The cell growth is usually monitored by some measure or estimation of 
cell numbers. 
Three different types of media were used to culture the mycobacteria: Middlebrook 
7H9 (M7H9, liquid), Middlebrook 7H11 (M7H11, solid) and Sauton (Sauton, liquid). 
Mycobacteria were cultured in Middlebrook 7H9 or Sauton medium with oleic acid-
albumine-glucose-catalase enrichment. Bacteria were incubated at 37°C for two weeks  
at the end of the logarithmic phase. The optical density was measured at 429 nm to 
determine the amount of bacteria per ml. An optical density of 0.150 corresponds with 
108 bacteria per ml [10]. 
Bacteria were plated on Middlebrook 7H11 agar  petri dishes and incubated at 37°C
for 4 weeks until a fully covered plate was obtained.  
9.2.2 Experiments 
The volatiles in the headspace were analyzed using our custom-built PTR-MS 
system, which has been described in detail in each of the chapters 3-8.
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Two types of experiments were carried out: short-time headspace sampling to 
assess differences between the different mycobacterial VOC patterns and long term 
analysis to follow the growth of the cultures in time (see Fig. 9.1). 
Short-term headspace sampling was performed on cultures on 3 media 
(Middlebrook 7H9 (M7H9), M7H11, Sauton). Liquid mycobacterial cultures (~ 100 
ml) were contained in 250 ml glass Erlenmeyer flasks (cuvettes), with a glass top, 
containing two Teflon open/close valves acting as gas inlet and outlet. In these and 
subsequent experiments, a continuous flow of dry air (Air Liquide B.V., Eindhoven, 
the Netherlands) at 2 l/h was lead through the cuvette via the gas inlet. The air bubbled 
through the culture medium for optimal gas exchange with the headspace and oxygen 
mixing in the culture medium. Cultures on solid media were kept in petri-dishes in a 
glass cuvette, also with a gas inlet and outlet containing teflon open/close valves 
(headspace ~ 300 ml). During the experiment the cuvettes were continuously shaken to 
provide the mycobacteria with oxygen. One cuvette contains blank medium, without 
mycobacterial cultures providing a control measurement. The values obtained from this 
cuvette are subtracted from the other cuvettes. The sample lines were made out of 
Teflon tubing, except for some silicon tubing as a connection to the cuvettes. The 
sample lines were heated to 45°C to prevent condensation. Cultures themselves were 
kept at 35°C before and during the experiment. For every cuvette, 5 mass scans (20-150 
amu, 1 amu/s scan rate) of the headspace were taken. Total measurement time per 
cuvette was therefore ~ 11 minutes. 
In the second type of experiment, performed to monitor the growth of the 
mycobacteria, 6 cuvettes were simultaneously monitored by switching from cuvette to 
cuvette using two stream selector valves (Valco cheminert valves, Bester BV, 
Amstelveen, the Netherlands, see Fig. 9.1). Five cuvettes contained M. tub. cultures at 
different initial densities, whereas one cuvette was used as a control measurement, 
containing the same culture medium, without M. tub. At each moment one cuvette is 
monitored and the other five are not. The cuvettes were flushed in a stop/flow 
experiment, where they were only provided with a flow of air when its headspace was 
lead to the PTR-MS. Each cuvette was measured for 60 minutes, with a down time 
(flow stopped in the cuvette) of 5 hours. Forty-nine masses were continuously 
monitored with a dwell time of 1, 2 or 5 seconds, resulting in a measurement point 
every 78 s. The density of bacteria varied over the other 5 cuvettes to see the effect on 
the amount of VOCs emitted. 
9.3 Results 
Headspace measurements were performed using 3 different species: M. tub, M.
avium and M. kansassii. Fig. 9.2 shows the average spectra for the three species in 
M7H9 medium. Table 9.1 lists the count rates for most masses for the cultures and the 
background values. There are large quantitative and qualitative differences between the 
VOC patterns observed from the three cultures. The most important masses that are 
either only present in the case of M. tub. or show considerably different concentrations 
are: 43, 45, 61, 73, 87, 101, 103, 113 and 115 amu. These masses can be used to 
distinguish M. tub. from the other mycobacterium species (Table 9.2). 
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Fig. 9.1. Experimental set up. Clean air is flushed over the cuvettes using a mass flow controller 
(MFC) at 2.0 l/h. The cuvette to be measured is chosen by two stream selector valves (SSV). At 
every instance, the headspace of only one cuvette is flushed and measured, while the other 
cuvettes remain closed. 
Fig. 9.2. Mass spectra from three different mycobacterial cultures in M7H9. Each spectrum is 
the (background subtracted)  average of 5 mass scans.
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Table 9.1. Measured values on selected masses for the spectra in Fig. 9.2. Here, the background 
(M7H9 headspace) is not subtracted but given as a separate measurement.  
Mass (amu) M. tub count 
rates (±10%) 
M. avium 
count rates 
(±10%) 
M. kans count 
rates (±10%) 
M7H9 
(background) 
(±10%) 
33 1.70·103 1.63·103 2.16·103 1.33·103
41 63.8 69.4 137 131 
42 104 59.4 182 58.7 
43 2.76·103 740 4.39·103 1.51·103
45 2.26·103 1.22·103 1.89·104 1.61·103
47 345 253 759 328 
49 6.33 3.99 7.85 3.78 
57 40.4 31.4 31.8 28.1 
59 1.50·103 703 8.53·103 6.99·103
61 539 176 270 112 
63 67.1 81.4 141 110 
65 6.72 3.86 2.66 4.03 
67 4.18 2.79 1.00 0.899 
69 8.48 6.43 7.91 3.01 
71 12.5 10.00 12.9 5.76 
73 124 40.1 26.3 22.0 
75 21.7 32.5 2.90 3.26 
77 4.25 14.8 10.8 1.76 
79 26.5 20.3 16.3 9.04 
81 4.30 5.55 8.60 2.86 
83 7.71 3.34 5.34 2.18 
85 12.5 6.10 5.54 3.60 
87 86.5 13.9 16.5 6.09 
89 8.61 8.11 2.49 2.15 
91 3.52 4.42 4.40 2.80 
93 7.07 14.9 -1.74 3.99 
95 14.0 44.4 8.30 3.63 
97 11.6 6.43 9.03 1.92 
99 5.83 5.70 2.67 2.77 
101 15.7 4.88 2.86 3.44 
103 7.49 2.27 2.23 1.58 
105 3.96 3.75 -0.373 1.31 
107 6.18 4.24 4.12 1.31 
109 4.71 4.71 4.86 2.15 
111 2.46 1.15 5.30 1.11 
113 6.81 2.46 3.22 1.19 
115 6.02 1.75 2.44 1.92 
117 1.29 4.02 -1.20 1.10 
119 1.99 1.20 2.09 1.15 
121 1.77 2.19 -0.386 0.546 
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Fig. 9.3. Background subtracted mass spectra of M. tub in the three media, Middlebrook 7H9 
(top panel), Middlebrook 7H11 (middle), Sauton (bottom). 
Additionally, M. tub, M. avium and M. kansassii cultures were grown on three 
different substrates (M7H9, M7H11 and Sauton) to find out whether the emitted 
volatiles depend on the substrate. In Fig. 9.3, the background subtracted mass spectra 
obtained from the headspace of M. tuberculosis in these 3 different culture media are 
shown. Every spectrum is the average of 5 scans per culture for 2 identical cultures. It 
is apparent from this figure, that the cultures in Middlebrook 7H9 generate the most 
VOCs. Similar results are found for M. avium and M. kansassii. The blends of volatiles 
produced by M. tub, M. avium and M. kansassii are found to depend strongly on the 
medium in which they are cultured (Fig. 9.3). 
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Table 9.2. Listing of masses that could indicate presence of a mycobacterium 
Criterium Masses 
Distinguish M. tub. from other 
Mycobacteria in M7H9 
43, 45, 61, 73, 87, 101, 103, 113, 115 
Indicate M. tub. presence (all media) 33, 65, 87, 107 
Indicate M. avium (all media) 33, 57, 61, 67, 74, 87, 101, 107 
Indicate M. kansassii (all media) 33, 61, 69, 71, 77, 87, 94, 95, 97, 107, 
113 
Vary with time for M. tub. 33, 43, 45, 59, 69, 73, 87, (107), 115, 
121 
Common to all mycobacteria (all media) 33, 87, 107 
Indicate mycobacterial presence 33, 57, 61, 65, 67, 71, 74, 77, 87, 94, 95, 
97, 101, 107, 113, 121 
The growth of the different mycobacteria is also followed in time, starting just 
before the log-phase (in which they grow exponentially). Such measurements could 
indicate which compounds are produced by M. tub. Additionally, they reveal whether 
at different stages of growth, different (ratios of) volatiles are produced. Fig. 9.4 shows 
a typical example of the dynamics of M. tub. in Middlebrook 7H9 culture medium over 
a period of 4.5 days. Every “package” of measurement points represents 1 hour of 
measurement, where the space in between represents the 5 hours down time. Several  
masses are found to vary significantly with time (Table 9.2; Fig. 9.4), some of which 
indicate the increased density of mycobacteria in the culture medium.  
In Fig. 9.5, the increase in mass 33 is shown for a high, middle and low density 
of mycobacteria (respectively 9.5·107, 6·107 and 2.8·107 mycobacteria/ml). Values are 
normalized for the initial mycobacterial density (normalized to 107/ml). As in all the 
experiments the background values are subtracted. Background values are shown in 
tabel 1.
The ion intensity on this mass (also on e.g. masses 69, 73, 87, data not shown) 
and/or the trend displayed on this mass could be used to monitor the growth stage of 
the bacteria in vitro. Based on the ion intensity observed for 2.6·107 mycobacteria/ml, 
the detection limit would be around 5·105 mycobacteria/ml. 
Masses that indicate M. Tub. independent of the substrate are important. As 
indicated in Table 9.2, 4 masses are observed that are elevated above the background, 
independent of the medium in which M. Tub. is grown. These masses are 33, 65, 87 
and 107.  
There are three masses that show up for all the mycobacteria in all three media. 
These masses are 33, 87 and 107 and could potentially be strong indicators of the 
presence of mycobacterial infection in the breath of patients, since they are independent 
of the three culture media used in this study. Table 9.2 also lists several masses that 
indicate the presence of one of the 3 mycobacteria only. This list contains 16 masses 
that are likely candidates to indicate the presence of mycobacterial infection in humans. 
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Fig. 9.4. Typical example of the dynamics of volatiles produced by mycobacterium tuberculosis, 
grown in Middlebrook 7H9 liquid medium. 
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Fig. 9.5. Dynamic behavior of compound observed on mass 33 amu (methanol). Every point in 
this graph represents a 10 point average. Ion intensities are normalized for the initial 
concentrations of mycobacteria in the cultures, to 1·107 mycobacteria/ml.  
9.4 Discussion & Conclusion 
The VOC patterns measured from the headspace of the three mycobacterial 
species are found to show significant differences, both quantitative and qualitative, 
which can be used to distinguish between them. Nine masses in the headspace of the 
mycobacterial cultures in M7H9 medium clearly indicate the presence or absence of M. 
Tub (see Table 9.2). 
The growth of mycobacterial cultures is monitored in time. Masses that are 
found to show dynamic behavior indicate compounds that are produced by the 
mycobacteria themselves. These masses are mostly the same that set M. Tub. headspace 
apart from the headspace of the other mycobacteria. The compound monitored at m/z 
33 (presumably methanol) shows to be an interesting indicator for the growth rate of 
the mycobacteria in vitro.
The VOC patterns observed from the cultures are found to depend on the 
medium in which the mycobacteria are grown. This can potentially cause problems 
when the results are to be extrapolated from these in vitro data to in vivo or ex vivo
diagnostic tests by identifying M. Tub. The substrate on which the mycobacteria grow 
in a human body is unknown but completely different from the culture media used in 
vitro. Additionally, every disease that affects the airways in which the mycobacteria are 
located, will thereby also affect the volatile blend produced by M. Tub. Especially in 
developing countries, many of the tuberculosis infected patients might for instance also 
be infected with HIV. The influence of this co-infection is not known [1, 2]. Therefore, 
it is important to find masses that are elevated in the headspace of the mycobacteria 
independent of the substrate. In this study, we find three of these masses (33, 87 and 
107 amu). 
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Middlebrook 7H9 and Middlebrook 7H11 are media with very similar 
composition. Therefore, it can be expected that many of the marker masses for one of 
the three species of mycobacteria are the same for both media. However, Sauton is a 
medium that contains completely different nutritional compounds, which induced 
production of different compounds via the metabolism of the mycobacteria. Despite the 
large differences in substrates, it was possible to find 4 masses (33, 65, 87, 107) that are 
present in the headspace of M. tub. in all three media. These masses form potential 
markers for the presence of M. tub. in other circumstances, for instance from sputum of 
breath. A list of 16 masses can be used to measure whether one of the three different 
species is present. These 16 masses are potential markers for mycobacterial infection in 
humans. Of course, these masses are likely candidates, based on the use of three 
different media, which does not mean that they will be present in vivo in the human 
breath. More different substrates and ultimately breath analysis should resolve this 
question.
Surprisingly little is known about the volatile blend produced by M. tub, M.
avium and M. kansassii. In literature, headspace analysis of many microorganisms can 
be found, but especially from M. tub., the majority of data is gathered using electronic 
nose (e-nose) measurements. An E-nose is an analytical instrument that can recognize 
patterns with the help of a statistical analysis method. These results are very interesting 
and promising in identifying which mycobacterium is under analysis or diagnosing 
disease [1, 2], but the e-nose is inherently weak in identifying the markers being 
monitored. Therefore, they do not provide any information on volatile compounds 
emitted by the three types of mycobacteria investigated here. Philips et al [3] have 
measured the headspace of M. tub cultures using GC-MS and list the top ten 
compounds which are elevated above sterile control vials. From this and other 
experiments, we can find candidate compounds that are represented by the masses 
found in this study (most important ones: 33, 43, 45, 59, 61, 69, 73, 87, 101, 103, 107, 
113, 115, 121).  
Mass 33 is most likely methanol [11, 12], whereas mass 45 usually is 
acetaldehyde [11]. Mass 59 most probably is acetone or propanal [13]. Philips et al [3] 
identify 3-methylbutanal (measured at mass 87 amu using PTR-MS) and 3-heptanone 
(mass 115 amu). These two masses are found to vary with time and mass 87 amu is one 
of the three common masses. Philips et al [3] additionally identify a top-ten list of 
compounds that distinguish the breath of patients with TB. This list includes 2-
butanone (measured at mass 73 with PTR-MS), ethyl benzene (mass 107) heptanal 
(mass 115) and propyl-benzene (mass 121). All the compounds named above are likely 
candidates for the masses observed in our work (Table 9.2). 
This study revealed some candidate substrate-independent marker masses of 
diseases caused by mycobacterial infection in vivo. To test these markers, it would be 
interesting to measure the same mycobacteria in a substrate that closely resembles the 
human tissue the mycobacteria usually live in. A second test would be to measure other 
–non myco– bacteria, to see if they do not produce these masses. Additionally, of 
course, it would be very interesting to see if these compounds are found in the breath of 
patients with TB. 
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As stated in chapters 3-8, extra analytical techniques are necessary to positively 
identify the compounds giving rise to the ions at the specific masses. Most commonly 
used method is the addition of a GC to the PTR-MS [13-16]. A new approach is the use 
of an ion trap-based PTR-MS system, the PIT-MS [17-19]. The development of such a 
system is described in chapters 10 and 11. 
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Chapter 10 
Development of a Proton-transfer reaction 
Ion Trap Mass Spectrometer: Online 
detection and analysis of volatile organic 
compounds1
Abstract
The development of a new Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS) from a commercially available ion trap system is presented and 
the advantages of using an ion trap over a quadrupole mass filter are explored. For our 
PIT-MS we determine the optimal kinetic energy parameter E/N (95 Td) to be 
significantly lower than for the more conventional Proton-Transfer Reaction Mass 
Spectrometer (PTR-MS) (120 Td) with a quadrupole mass filter. This gives a 
theoretical increase in sensitivity of ~ 25% with respect to the generally used 120 Td. 
The limits of detection of the PIT-MS are still one order of magnitude higher than for 
the PTR-MS system, but better detection electronics are thought to improve this in the 
near future. The PIT-MS system is tested in a comparison with our PTR-MS on 
measurements of volatile compounds from an Elstar apple, where we show the time 
behavior and concentration determination of the PIT-MS to be reliable. In this 
comparison, we also show the applicability of and problems related to the use of 
Collision Induced Dissociation (CID) analysis for the identification of compounds. The 
lower degree of fragmentation upon proton transfer is identified as an additional 
advantage of the use of low E/N-values.  
M.M.L. Steeghs, C. Sikkens, E. Crespo, S.M. Cristescu and F.J.M. Harren
“Development of a Proton-transfer reaction Ion Trap Mass Spectrometer: Online 
detection and analysis of volatile organic compound” Int. J. Mass Spectrom. 
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10.1 Introduction
Over the last decade, proton-transfer reaction mass spectrometry (PTR-MS) 
has proven itself as a versatile, sensitive, online monitoring technique for a large 
variety of volatile organic trace gas compounds [1]. Due to its high sensitivity, there is 
no need for sample preconcentration in order to measure concentrations of compounds 
to as low as 1 ppbv (1 part per billion volume, 1: 109) or below. Its high temporal 
resolution, relatively low degree of fragmentation due to low excess energy of the 
proton-transfer reaction and the fact that it cannot measure the normal constituents of 
air (e.g. O2, NO, NO2, CO, CO2), make it an ideal technique to monitor trace gas 
compounds in real-time.  Numerous examples of application of the PTR-MS technique 
in various fields including atmospheric science [2-4], post-harvest research [5, 6], 
medical diagnostics[7-10], plant biology [11-14], food technology [15-17] and 
industrial process monitoring [18, 19] have appeared in literature since its first 
appearance in the mid 1990s.  
Within the increasing number of publications based on measurements with 
PTR-MS, the enormous potential of this system is reflected, but its limitations have 
also been shown [20, 21]. For many applications, it will not be possible to positively 
identify which compounds are emitted by the object under study. When the mass of an 
observed compound increases, also the amount of possible identities for the 
characteristic ion and parent neutral compound increases. Since PTR-MS is historically 
equipped with a quadrupole mass filter, researchers are unable to determine the identity 
of the parent molecules observed on specific m/z values in the mass spectrum.  
Several solutions have been proposed to tackle this problem, under which are 
the parallel or serial use of gas chromatography mass spectrometry (GC-MS) with 
PTR-MS [3,11], the coupling of a GC to a PTR-MS [3, 26] and the trapping of Volatile 
Organic Compounds (VOCs) on adsorbent agents to preconcentrate the volatiles under 
analysis [26]. Drawbacks of these methods include that they need additional 
equipment, cancel the advantage of high time resolution of the PTR-MS and/or 
significantly raise the detection limit of the ensemble of instruments.  
Recently, two other possibilities have been raised in which the quadrupole 
mass filter is replaced by a more sophisticated mass spectrometer. In 2005 a proton 
transfer reaction time-of-flight mass spectrometer was presented by Ennis et al [22]. 
This system should have such high mass resolution that compounds could be identified 
by differences in bonding energy and therefore by slight differences in mass. Warneke 
and coworkers [20] have developed a proton transfer reaction mass spectrometer based 
on ion trap (IT) mass spectrometer designed in-house and called this technique Proton-
transfer-reaction Ion Trap Mass Spectrometry (PIT-MS), whereas Prazeller and 
coworkers [21] at right about the same time published a first study on the feasibility of 
such a system, based on a commercial IT mass spectrometer. In several publications, 
the PIT-MS system presented by Warneke and coworkers has been proven a sensitive 
and well-working addition to the PTR-MS techniques [20, 23-25]. The advantages of 
an IT-MS over a quadrupole mass filter are the higher duty cycle, the possibility to 
perform ion-molecule reactions in the trap volume and the possibility of collision 
Development of PIT-MS: online detection and analysis of VOCs 
125
induced dissociation (CID) in the trap. These extended analytical capabilities of the ion 
trap can help to unambiguously identify specific neutrals giving rise to an ion signal at 
a certain m/z value or resolve two parent neutrals that are normally indistinguishable in 
PTR-MS. In addition, an increased pressure in the drift tube will enlarge the number of 
proton-transfer reactions, which will yield a higher sensitivity. This effect is 
accompanied by increased cluster formation, which is disadvantageous in conventional 
PTR-MS, but is not a problem in the PIT-MS [25]. On the other hand, one of the 
disadvantages of the ion trap is its low trapping efficiency. 
Here we present the development of a new PIT-MS from a commercial GC-IT-
MS system (Thermo Finnigan PolarisQ, Interscience, Breda, the Netherlands). For this 
new system the advantages of a lower E/N-value (E/N is the ratio between electric field 
and the number density in the drift tube; 1 Td = 10-17 V cm2) are examined and an 
optimal E/N-value is determined. The applicability of the PIT-MS system and CID in 
the ion trap is demonstrated by parallel measurement of VOCs from an Elstar apple 
under anaerobic and post-anaerobic conditions, by both PTR-MS and PIT-MS. Using 
collision induced dissociation, we have been able to obtain extra information to identify 
some of the compounds emitted. 
10.2 The Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS) 
The PIT-MS system presented here is based on the PolarisQ GC-IT-MS system 
from which the ion trap electrodes, focusing lenses, electronics and basic software have 
been used. Necessary adaptations to the existing software have been made. Below, the 
various sections of the system will be presented separately. 
10.2.1 Inlet 
Two computer-controlled three-way solenoid valves (Distrilab B.V., Leusden) 
are used to redirect the flow through a catalytic converter for occasional zero-air 
measurements. A third three-way solenoid valve can be switched to allow a fixed flow 
of calibrated mixture (0.20 l/h) to be mixed in with the variable trace gas flow. By 
varying the trace gas flow, the mixing ratio of the calibrated mixture can be controlled. 
Flow rates are controlled by computer-controlled mass flow controllers (Brooks 
Instruments, 5850S, Veenendaal, the Netherlands) and all in-flow gas handling parts 
after the source of the VOCs under study are made of Teflon (Polyfluor plastics, 
Oosterhout, the Netherlands and Metron Technologies, Wychen, the Netherlands).  
10.2.2 Ion source and drift tube 
Primary H3O+ ions are produced in a discharge in water vapor and helium 
(carrier) gas [11]. A small source drift region is used to increase the purity of the H3O+
produced and to circumvent back diffusion of molecules from the drift tube into the 
discharge region. The drift tube consists of 10 stainless steel rings (8 mm length, i.d. = 
3.0 cm, o.d. = 6.5 cm), isolated by Teflon rings, with a total length of 9.8 cm. Total 
volume of the drift cell is about 0.07 l. With a flow of ~0.5 l/h and the drift tube at 2 
mbar, the air in the drift tube is refreshed once every second. The voltage over the drift 
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tube can be set from 0 to 700 V to control the reaction kinetics in the drift tube. The 
skimmer from the drift tube to the next vacuum chamber is 0.7 mm in diameter. Since 
the PTR technique has been extensively described elsewhere [1, 4, 27], only a brief 
description of the principle of proton-transfer reactions is given here. 
In the drift tube, the trace gases from the sample gas are ionized by proton-
transfer reactions with H3O+ ions: 
OHRHROH k 23 o

where k is the reaction rate constant, usually close to or equal to the collision rate 
constant. This reaction only takes place when the proton affinity (PA) of the trace 
compound R is higher than that of water (166.5 kcal/mol = 7.16 eV). A major 
advantage of using H3O+ as the reagent ion is that the PA of water is higher that the PA 
of the normal constituents of air (cf. NO, O2, CO, CO2, and N2) and that most of the 
typical organic compounds are ionized by the proton-transfer (PT) reaction, since their 
PA are in the range between 7 and 9 eV.  Since the excess energy of the reaction is low, 
fragmentation only occurs to a very limited degree, resulting in only one or two 
characteristic ions per VOC.  
The reaction kinetics can be governed by the electric field over the drift tube. 
At low drift voltages, the kinetic energy of the colliding primary ions is low, and 
fragmentation of the product ions does not occur. As a result of this low velocity, the 
residence time of the primary ions in the drift tube is long, resulting in a higher 
collision probability and therefore higher sensitivity. Low kinetic energy, however, also 
induces cluster formation (formation of H3O+·(H2O)n,  RH+·(H2O)n with n = 1, 2, 3… 
and RH+·R) resulting in a more complex interpretation of the mass spectra. Therefore, 
usually the drift voltage is increased in a trade off between higher sensitivity and lower 
degree of cluster formation. One of the proposed advantages of the IT mass 
spectrometer is that water clusters easily break up in the ion trap, mainly during 
trapping, but also through the optional use of filtered noise fields. Therefore, a higher 
cluster degree and therefore a higher mass spectral complexity can be allowed. One 
potential problem with a low E/N value is the increased importance of switching 
reactions (see eq. 2.1.22) in the drift tube, resulting in a slightly increased uncertainty 
in the determination of the sensitivity of a compound for which the system is not 
calibrated. Therefore, an appropriate calibration mixture should be chosen. 
10.2.3 Buffer chamber 
The ions exit the drift tube and cross the buffer chamber towards the ion trap 
chamber over a 1 cm path length. The buffer chamber construction is optimized as such 
that the pumping efficiency is high, meanwhile keeping the distance between the drift 
tube and the ion trap chamber as short as possible. The buffer chamber is necessary to 
obtain a low pressure in the ion trap chamber with a relatively pure Helium gas load in 
the ion trap, which is extremely important. A skimmer of 1.0 mm diameter separates 
the buffer chamber from the ion trap chamber. At a drift tube pressure of 2.5 mbar the 
buffer chamber pressure is ~ 1·10-4 mbar. 
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Fig.10.1. Schematic view of the PIT-MS with inlet. The PIT-MS system consists of an ion source 
where H3O+-ions are produced (1); a drift tube, where the proton-transfer reaction takes place 
(2); buffer chamber (3); the ion trap chamber (4), where the ion trap mass spectrometer and a 
set of focusing lenses with the gate lens are located. The Helium damping gas is led directly into 
the trap. The detector chamber (5) contains the conversion dynode and secondary electron 
multiplier. 
10.2.4 Ion detection system 
The ion trap mass spectrometer is positioned in the second vacuum chamber 
(Fig. 10.1). It consists of a central ring electrode with an inner radius r0 = 7.07 mm, 
driven with an RF frequency of 1.02 MHz, and two end caps with z0 = 7.85 mm with an 
opening of ~1.1 mm on each end. The electrodes are isolated by ceramic rings in a 
closed setup. Helium (>99.999% purity) is added through a hole in the side of the exit 
end-cap electrode. Two additional holes on the outer radius of the end caps pump away 
the helium and neutrals from the trap region. The pressure in the trap is not measured, 
but the damping gas flow into the trap is optimized to the trap performance, which 
should correspond with an optimal pressure around 1 · 10-3 mbar, whereas the pressure 
in the surrounding vacuum chamber is then about a factor of 5 lower. The pressure in 
the surrounding area without helium gas load is below 2 · 10-6 mbar. This means that 
the gas in the trap consists of Helium for > 99.5%. 
Ions are focused into the ion trap by a set of three electrostatic lenses of which 
the second is a gate lens to allow the ions into the trap. Filtered noise fields (FNF) are 
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applied to the end-caps to resonantly eject ions from the trap, to isolate ions, or to 
resonantly excite selected ions in the ion trap. No automatic gain control is used. 
Ion detection occurs by conversion of incident ions into electrons on a 
conversion dynode (- 10 kV). The electrons are detected and multiplied by an electron 
multiplier. Detection is based on current detection and amplification and analog signals 
are converted into a digital signal. All mass spectrometer actions are controlled by an 
adapted “Custom Tune” module accompanying the standard Excalibur software.  
10.3 Results
10.3.1 Trapping and storage efficiency 
Fig. 10.2 shows the signal as a function of the trapping time (peak area of m-
0.5 to m+0.5) measured on 6 masses, originating from a calibrated mixture 
(acetaldehyde 800 ppbv; acetone 900 ppbv; isoprene, benzene, toluene, styrene 1000 
ppbv). The ion signals increase linearly with time until the trap is filled, with only very 
limited losses. The efficiency of the trapping of ions depends on the mass. From the 
intensity versus ion time curves in Fig. 10.2 (left panel) an estimate of the mass-
dependence of the detection efficiency can be deduced. The detection efficiency is 
influenced by the transmission of the pumping stage, the lens system, trapping 
efficiency of the trap and the detection efficiency of the dynode/detector assembly. 
Relative trapping efficiencies can be deduced, when the ion intensities are corrected for 
differences in reaction rate constants [28] with H3O+ and for the differences in 
concentrations. The result of this is given in Fig. 10.2 (right panel). The relative 
trapping efficiency for mass 19 is estimated to be lower than 0.4% of the efficiency at 
mass 45, based on the loss of primary ions due to proton-transfer to product ions.  
10.3.2 Space charge effects and linearity 
One of the underlying assumptions in the derivation of the equations of motion 
of ions in an ion trap is that there is only one ion inside the trap. In most cases, many 
more ions are trapped and the Coulomb interactions between the different ions affect 
the ion trajectories, limiting the number of ions that can be stored. If we assume that the 
ions are distributed uniformly over the whole trap, then this acts as an effective DC 
voltage increment [29]. This leads to a shift in the az and ar stability parameters (which 
are directly proportional to the DC component in the RF drive voltage) and the secular 
frequencies, which subsequently results in a shift in the mass scale, deterioration of the 
mass spectrum in resolution and peak shape and decrease in trapping/storage 
efficiency. All these effects are again mass dependent [29]). The effect of space charge 
is visible in the mass shift as function of the total ion current (Fig. 10.3). A total ion 
current of 3 - 4·108 is the limit from where the mass scale starts to deviate significantly. 
According to calculations this corresponds to an ion density of 106 ions cm-3.
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Fig. 10.2. Trapping efficiency of IT mass spectrometer. Left panel: Ion time dependence of the 
signal. Right panel: estimate of relative total trapping efficiency as a function of mass. The 
efficiency at mass 45 is set to 1 as a reference point. 
Fig. 10.3. Mass shift due to space charge effects. From the onset of the shift, the storage limit 
can be deduced. 
10.3.3 Sensitivity 
Fig. 10.4 shows the calibration curves for 6 different gases in a calibrated 
mixture, as measured by the PIT-MS instrument. These measurements have been 
performed at 120 Td and 6 ml/min of damping He gas flow into the trap. Detection is 
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linear over the whole range of concentrations. In fact, the linear range is not limited by 
the mass spectrometer (space charge effects), since the ion time can be adjusted. 
Linearity is therefore limited by the linearity of the proton-transfer reaction, which 
ultimately means by the amount of primary ions produced. Table 10.1 shows the 
current limits of detection (LOD) for the PIT-MS and the PTR-MS [6, 26] for 6 VOCs, 
based on a signal to noise ratio of 2; 1 minute averages for the PIT-MS and 5 seconds 
per mass dwell time for the PTR-MS; for 1 million primary ions. These detection limits 
are still considerably higher than for the conventional PTR-MS systems. 
Fig. 10.4. Calibration curves for 6 different compounds, acetaldehyde, acetone, isoprene, 
benzene, toluene and styrene as obtained by the PIT-MS instrument for 1 minute averages of 
calibrated mixture measurements 
Table 10.1 Limit of Detection (LOD) and sensitivity for PIT-MS and PTR-MS systems 
PIT-MS PTR-MSCompound 
LOD
(ppbv) 
(10 pt avg) 
sensitivity 
 (npA/ppbv)a
LOD
(ppbv) 
(5 s / mass) 
sensitivity 
(ncps/ppbv)b
Acetaldehyde 12.3 194 0.85 42.3 
Acetone 18.0 391 0.6 51.7 
Isoprene 8.9 220 0.6 6.1 
Benzene 7.1 302 1 7.9 
Toluene 5.1 766 0.6 7.8 
Styrene 8.5 1070 1 3.9 
anpA/ppbv = normalized ion intensity (picoAmpere) per part-per-billion by volume 
bncps/ppbv = normalized counts per second per part-per-billion by volume 
Development of PIT-MS: online detection and analysis of VOCs 
131
10.3.4 Advantages of an ion trap. 
Four main advantages have been proposed for ion trap-based PTR-MS 
instruments over quadrupole-based instruments [25].  The extend to which they are an 
advantage are discussed below.  
One advantage is the higher duty cycle, as clearly explained by Prazeller and 
coworkers [21], due to the ability to collect ions for several seconds and to analyze a 
full mass spectrum within 100 ms. Here, usually 4-5 s trapping time is used, generating 
a mass spectrum of 40 amu to 150 amu. The duty cycle for the ion trap is then well 
above 99 %, whereas a quadrupole system -measuring at 1 s/amu- would have a duty 
cycle of only 0.9 %. 
A second advantage is the possibility to perform chemical reactions to 
selectively remove species from the trap. The principle of this technique has been 
shown by Warneke and coworkers [25]. Fig. 10.5 shows the relative number of ions 
still stored in the trap after different periods of storage time. The losses are limited 
during storage, but the storage efficiency is mass dependent (the storage efficiency of 
mass 19 for instance is significantly lower, results not shown). After a prolonged period 
of time, still sufficient ions are stored for further analysis (>80% after 3 seconds, for all 
product ions). Although we did not perform chemical reactions, Fig. 10.5 shows the 
viability for this method. 
The third, main advantage is the capability to perform collision induced 
dissociation, in order to identify compounds under analysis. Warneke and coworkers 
have shown the feasibility of this approach by showing the CID patterns of acetone and 
propanal, both having m/z = 59 amu (RH+) [20]. The CID patterns of acetone and 
propanal reported here [20] (that is, the final ratio between the different fragment ions) 
are similar to the ones obtained with our instrument. They report a ratio between the 
fragments m31 and m41 of about 2 for acetone, where we find a final ratio of 1.9 
(results not shown). In section 3.6 an example of CID patterns obtained from 
acetaldehyde, acetic acid and ethyl acetate as isolated m/z values in the ion trap.
The fourth advantage is the possibility to use lower drift tube electric fields to 
increase the sensitivity [25]. Lower E/N-values result in longer interaction times. It 
does, however, also increase the formation of clusters, which can significantly obscure 
the mass spectrum of a conventional PTR-MS [4]. In a PIT-MS, these clusters can 
easily be fragmented to find back the parent molecules, so lower E/N values can be 
selected and the sensitivity can be increased. Warneke [25] showed this effect using a 
flow tube ion trap instrument, where the ion kinetics are different from the system 
presented here. Prazeller et al [21] reported that they could not observe any cluster ions 
at all.
In this instrument, it is possible to observe cluster ions (Fig. 10.6). Even though 
these clusters are visible in a normal mass scan, they are fragmented upon isolation and 
cannot be found in single ion mode of in CID mode under normal operating conditions 
(results not shown). 
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Fig. 10.5. Storage efficiency of ion trap for selected m/z-values. After several seconds, still > 
80% of all initially trapped ions is still trapped. This shows the ability of this system to perform 
reactions in the trap. The error bars for the data on mass 59 are shown as an indication of the 
uncertainty for all data points.  
Fig. 10.6. Mass scan of primary ions (left scale) and product ions (right scale) at E/N = 95 Td. 
The peaks at masses 45 (acetaldehyde), 59 (acetone), 69 (isoprene), 79 (benzene), 93 (toluene) 
and 105 (Styrene) are clearly observable.  The primary ion cluster at mass 37 and very low 
amounts of (possibly) clusters at masses 63 and 111 are also visible. Other unidentified ions can 
be observed at masses 41 and 76 amu. The mass scan is built up of a primary ion scan (m15-40 
amu) and a product ion scan (m40-130 amu)
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Fig. 10.7. Comparison of cluster and sensitivity behavior of PIT-MS with PTR-MS.: Relative 
sensitivity as function of E/N-value for the PTR-MS (Panel A) and the PIT-MS (Panel B) 
normalized to the sensitivity at 140 Td, for 6 different VOCs. Panel C: Ratio of (RH+·H2O)/RH+
for the PTR-MS instrument at function of E/N-value for 5 different VOCs at 90 % relative 
humidity Panel D: Ratio (H3O+·H2O / H3O+) for the PIT-MS at 50% RH and for the PTR-MS at 
90% RH and 0 % RH of the trace gas air let into the drift tube. 
For isolation of a specific m/z value, isolation waveforms are applied to the end 
cap electrodes. These waveforms contain the resonance frequencies of all ions, except 
of that m/z-value that is to be isolated. Only if the width of the frequency notch 
(frequency range absent in the waveform) is increased, the cluster ions can be trapped. 
Apparently, there is a slight increase in kinetic energy due to “imperfect” isolation 
waveforms, which suffices to break the clusters.  
Fig. 10.7C shows the ratio of (H3O+·H2O / H3O+)  and (RH+·H2O / RH+) for the 
PTR-MS at “zero” relative humidity of the sampled air, clearly showing that decreasing 
the E/N-value below 120 Td further obscures the mass spectrum by enhanced cluster 
formation.  Fig. 10.7D shows the degree of clustering in the PIT-MS instrument. Also 
here, cluster formation occurs at lower E/N-values. These cluster ions can be observed 
in a normal mass scan, but cannot be isolated. By trying to isolate the specific m/z 
value, or by applying a low-voltage waveform to the end caps, the contribution of the 
weakly bound clusters can be determined, providing a simple means of distinguishing 
between clusters (RaH+·X) and protonated molecules RbH+, thus making it possible to 
increase the sensitivity by lower the E/N value.  
Lower E/N-values will increase the reaction time and the degree of cluster 
formation, which ultimately results in a decreased linear range (due to the use of too 
many primary ions), depletion of parent ion signal due to clustering (RH+·R and 
RH+·H2O) and loss of effective primary ions, since several VOCs do not react with 
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H3O+·(H2O)n (with n  1). Figs. 10.7A and 10.7B show the relative sensitivity as a 
function of E/N value for both the PTR-MS and the PIT-MS instruments, normalized to 
the sensitivity at 140 Td. These figures clearly indicate that the sensitivity varies with 
E/N and that for each compound an optimum can be found. The curves for toluene and 
benzene clearly exhibit a decrease in sensitivity with a decrease in E/N value. This can 
be attributed to the fact that they do not react with the clustered primary ions 
H3O+·(H2O)n. Other curves show an increase with decreasing E/N, which is a 
consequence of the increased reaction time. The combination of these effects results in 
an optimal sensitivity for the PIT-MS system at around 95 Td, which theoretically 
gives an increase in sensitivity of ~ 25% as compared to 120Td. 
10.3.5 Resulting measurement procedure. 
Since only a limited amount of ions can be stored in the ion trap, it is 
impossible to measure primary ions and product ions simultaneously. Therefore 
primary ions are measured in a separate scan from mass 15 – 40, followed by one or 
more scans for product ions, starting at mass 40. If necessary, individual ions can be 
measured in a selected ion mode following every series of product ion scans. The ion 
time for primary ion scans is usually 1000 ms, whereas for product ion scans, the ion 
time is around 4000 – 5000 ms. The peak area for every single mass (m – 0.5, m + 0.5) 
is automatically calculated and data are immediately stored in the graphing and data 
analysis software program Origin (OriginLab, Northampton, MA USA). An automated 
CID analysis can be started after every pre-defined number of product ion scans for up 
to 5 m/z values. 
10.3.6 Comparison of PIT-MS with PTR-MS  
As an application we measured the VOCs emitted from an Elstar apple under 
anaerobic and post-anaerobic conditions and compared the response of the PIT-MS to 
that of our PTR-MS instrument (for detailed description, see [6, 26]). The headspace of 
an apple in a 1 liter glass cuvette is flushed for several hours (2.0 l/h, STP = 295 K, 1 
atm) with clean, hydrocarbon-free air that was passed over a heated catalyst. When the 
flow is changed to nitrogen, the apple switches from respiration to fermentation, due to 
lack of oxygen and starts to produce fermentation products. This condition is kept for 
several hours. When the gas flow is changed back to air, the apple restarts respiration. 
The (flavor related) compounds produced during these processes are simultaneously 
monitored by PIT-MS (4.5 s collection time, 10 points averaged) and PTR-MS (0.5 s 
dwell time per mass). Both systems are operated at 120 Td for the best possible 
comparison. Fig. 10.8 shows the time evolution of ions at 5 different m/z values of both 
the PIT-MS and the PTR-MS. The time evolutions of both instruments nicely overlap, 
and the same qualitative information is obtained. Both systems are calibrated for 
acetaldehyde (m/z = 45). Correlation between the concentrations measured with both 
systems is high (R = 0.98) and the slope is 1.21 ± 0.01, indicating that the PIT-MS 
gives a higher concentration. This difference can be caused by the use of different 
calibration setups and flow controllers. 
 CID patterns have been made of ions on several m/z values. Fig. 10.9 shows 
the fragmentation patterns measured for the ions on masses 89, 61 and 45 amu. The 
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CID pattern of the ion on mass 45 resembles that of acetaldehyde. The CID pattern of 
mass 89 is identical to that of ethyl acetate, establishing the previously tentative 
identification of this ion [6]. The pattern of mass 61 is equal to that of acetic acid. 
However, in such a complex mixture, given the structural similarity of the compounds 
emitted by the apple (acetic acid, methyl acetate, ethyl acetate, propyl acetate, etc.[6], 
which all fragment on mass 61), it is impossible to say to which degree mass 61 stems 
from acetic acid or from the acetates. One could quantify the different contributions on 
mass 61 by carefully mapping out the drift tube fragmentation patterns of all the 
compounds giving rise to a fragment on this mass. It is important to note that these 
measurements with the PIT-MS have been performed at 120 Td. An additional 
advantage of measuring at 95 Td is that the fragmentation after proton-transfer will be 
considerably lower and therefore less of a problem during CID analysis of a spectrum. 
Fig. 10.8. Time courses of 4 different m/z values for PIT-MS in comparison to PTR-MS. All y-
scales are in normalized ion signals.  
10.4 Discussion and Conclusion  
We present a newly developed Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS) and we show the applicability of this new system to sensitive 
trace gas detection. The main advantages of the use of an ion trap mass spectrometer 
instead of a quadrupole mass filter have been discussed elsewhere [20, 21, 25]. Here 
we discuss the advantages for our PIT-MS and especially focus on the importance of 
cluster ions and the ability of the system to dissociate them. We conclude that indeed a 
lower E/N value can be adopted as compared to quadrupole mass filter-based PTR-MS 
systems, even in more complicated VOC matrices. The optimal E/N-value found for 
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our instrument is 95 Td giving an increased sensitivity of ~ 25% as compared to the 
120 Td normally adopted by PTR-MS systems.  
The temporal behavior of the PIT-MS has been compared to our previously 
developed PTR-MS; both systems give the same quantitative information. The 
correlation between the concentrations of acetaldehyde for both systems is very high. 
The PIT-MS concentrations are about 20% higher than the PTR-MS concentrations, 
which could at least partly be attributed to the use of different flow controllers for the 
calibration measurements. 
Fig 10.9. Identification of 3 VOCs emitted by an Elstar apple using CID in the IT mass 
spectrometer. Top panel: acetic acid, middle panel: acetaldehyde, bottom panel: ethyl acetate. 
The applicability of CID patterns to complex biological gas mixtures is shown. 
In the object studied here, it is impossible to assign all masses to single individual 
compounds, due to the structural similarity of several of the compounds. In conclusion, 
the analysis of ion traces by CID gives valuable extra information towards the 
identification of compounds monitored and, in this case, confirms the identification of 
mass 89 as ethyl acetate and mass 45 as acetaldehyde. However, care must be taken 
with some masses where typical fragments can be found of other compounds in the 
trace gas matrix. With respect to this, we identified an additional advantage of a lower 
E/N-value. The degree of fragmentation after proton-transfer for many compounds is 
considerably lower at 95 Td than at 120 Td, leading to less complicated mass spectra 
and a less complicated CID analysis. This can be of particular importance when 
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complicated matrices like biological or medical samples are studied. For a fast and 
effective CID-based identification an elaborate database of CID patterns needs to be 
built.
The limits of detection of the PIT-MS system are still about one order of 
magnitude higher than those for conventional PTR-MS systems. Background signals, 
electronic noise and a leak current in the A/D converter of the detector scheme and the 
statistics of the electron multiplier, cause a high detection threshold of the PIT-MS 
system, which now limit the sensitivity. Switching to pulsed counting and/or 
decreasing the zero-point current of the A/D-converter could improve the sensitivity of 
our system considerably.  
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Chapter 11 
Collision Induced Dissociation study of 10 
monoterpenes for identification in trace gas 
measurements using the newly developed 
Proton-transfer reaction Ion Trap Mass 
Spectrometer1
Abstract
We present the study of fragmentation patterns of different monoterpene 
species after dissociative proton-transfer and after collision induced dissociation (CID) 
in a newly developed Proton-transfer reaction Ion Trap Mass Spectrometer (PIT-MS). 
For the monoterpene measurements, the proton transfer reaction chamber was set at an 
E/N-value of 90-100 Townsend; at this value the monoterpenes can be found at m/z 
values of 137 and 81. CID patterns of all 10 monoterpenes studied are found to be 
distinguishable, making it possible to positively identify a monoterpene solely on the 
basis of its CID pattern. However, identification of compounds in a mixture of several 
monoterpenes will still be difficult. Additionally, we find that the outcome of a CID 
experiment, expressed in the ratio between different fragments, depends on the kinetic 
energy of the ions as they exit the drift tube. This behavior is attributed to differences 
in ion internal energy at different drift tube voltages. The effect of ion internal energy 
change on the CID pattern is shown when the cooling time between isolation and 
dissociation of the parent ions is changed, and the CID fragmentation ratio of fragments 
95 amu and 81 amu of alpha-terpinene is affected. 
M.M.L. Steeghs, E.Crespo and F.J.M. Harren “Collision induced dissociation study 
of 10 monoterpenes for identification in trace gas measurements using the newly 
developed Proton-transfer reaction Ion Trap Mass Spectrometer” submitted 
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11.1 Introduction 
Proton-transfer reaction mass spectrometry (PTR-MS) has proven itself over 
the last decade as a versatile, sensitive, online monitoring technique for a large variety 
of volatile organic trace gas compounds [1]. Its high sensitivity, the fact that there is no 
need for sample preconcentration, its high temporal resolution, relatively low degree of 
fragmentation due to low excess energy of the proton-transfer reaction and the fact that 
it cannot measure the normal constituents of air (e.g. O2, NO, NO2, CO, CO2) make it 
an excellent technique to monitor trace gas compounds in real-time. Numerous 
examples of application of the PTR-MS technique in various fields including 
atmospheric science [2-4], post-harvest research [5, 6], medical diagnostics [7-10], 
plant biology [11-14], food technology [15-17] and industrial process monitoring [18, 
19] have appeared in literature since its first appearance in the mid 1990s. These widely 
varied applications show the strength and diversity of the PTR-MS technique. Its 
limitations, however, have also been shown in several publications (cf. [11, 20-22]). 
Since PTR-MS instruments are historically equipped with a quadrupole mass filter, it 
will generally not be possible to positively identify the compounds emitted by the 
object under study. When the mass of an observed compound increases, also the 
amount of possible identities for the characteristic ion and parent neutral compound 
increases. Several solutions have been proposed to tackle this problem, including the 
coupling of a gas chromatograph to the PTR-MS or the serial or parallel use of GC-MS. 
The major drawback of this approach is that the online monitoring capability of the 
PTR-MS is lost.
A promising new development is the use of an ion trap mass spectrometer (IT-
MS) instead of a quadrupole mass filter. A few different groups have now developed 
such a PIT-MS system and have shown it is a reliable and highly interesting 
improvement on the PTR-MS techniques [21, 23-26]. Most of the advantages of an IT-
MS over a quadrupole mass filter have been discussed in detail before [21, 22, 25, 26] 
and include the higher duty cycle, the possibility to perform ion-molecule reactions 
inside the trap, the ability to work with higher drift tube pressures and the possibility to 
perform collision induced dissociation (CID) in the trap. The increased drift tube 
pressure has the advantage of increased sensitivity [25] and of decreased fragmentation 
following proton-transfer [26]. Especially the CID approach is a promising tool that 
can become a very useful, routinely applied method to characterize the volatile mixture 
under analysis, maintaining the online capabilities of the continuous flow drift tube 
technique. The applicability of CID to the identification of atmospherically interesting 
compounds [21] and in the analysis of the C6-aldehydes emitted from drying rice and 
sorghum [24] has recently been shown. Also some volatiles emitted by an apple have 
been successfully studied using CID [26]. 
Another group of VOCs that is potentially very interesting to investigate with 
PIT-MS is constituted by the monoterpenes. Terpenes and their oxygenated derivatives 
are emitted from many products such as fruits and natural aromas [27]. They are also 
important in atmospheric chemistry and many plants, especially pine trees, are known 
to emit monoterpenes [28-29]. 
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In this publication, we investigate the CID patterns of 10 monoterpenes using 
our newly developed PIT-MS instrument. These monoterpenes are generally observed 
at the same mass (137 amu, with a main fragment on mass 81 amu and sometimes 
additional minor fragments [27, 30]) and the signal on this mass (from PTR-MS 
measurements) is usually referred to as the sum of all monoterpenes emitted [30, 31]. 
Since there are many different monoterpenes that can be measured, it is a challenge for 
PIT-MS to identify individual compounds from their CID patterns. Additionally, the 
stability of the CID patterns under different drift tube conditions and the influence of 
helium pressure and resonant excitation stability parameters on the CID patterns and 
the eventual fragment ratios are presented. The effect of a cooling period between 
isolation and dissociation is investigated.  
11.2 Materials and methods 
11.2.1 The Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS) 
The PIT-MS instrument used in this study (Fig. 11.1) is based on a 
commercially available PolarisQ GC-IT-MS system (Thermo Finnigan PolarisQ, 
Interscience, Breda, the Netherlands), adapted for use with a proton-transfer reaction 
cell. The instrument has been described in detail by Steeghs et al [26]. It principally is 
an advanced version of the proton-transfer reaction mass spectrometer (PTR-MS) 
systems that have found ample use in trace gas detection over the last decade. In short, 
the PIT-MS technique is as follows: neutral molecules to be detected are ionized in a 
drift tube via a proton-transfer reaction with H3O+:
OHRHROH k 23 o

    (1) 
where k is the reaction rate constant, usually close to or equal to the collision rate 
constant. This reaction only takes place when the proton affinity (PA) of the trace 
compound R is higher than that of water (166.5 kcal/mol = 7.16 eV). A major 
advantage of using H3O+ as the reagent ion is that the PA of water is higher that the PA 
of the normal constituents of air (cf. NO, O2, CO, CO2, and N2) and that most of the 
typical organic compounds are ionized by the proton-transfer (PT) reaction, since their 
PA are in the range between 7 and 9 eV. Since the excess energy of the reaction is low, 
fragmentation only occurs to a very limited degree, resulting in only one or two 
characteristic ions per VOC.  
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Fig. 11.1 Schematic view of the Proton-transfer reaction Ion Trap Mass Spectrometer (PIT-MS) 
with inlet system. The PIT-MS system consists of 1) an ion source for the production of H3O+-
ions, 2) a drift tube, in which the proton-transfer reaction takes place, 3) a transition chamber 
that pumps the drift tube and provides a proper pressure for 4) the ion trap chamber in which 
the ion trap mass spectrometer and a set of focusing/gating lenses are located and where the 
helium damping gas is led directly into the trap 5) the detector chamber containing a 
conversion dynode and a channeltron secondary electron multiplier used in analog current 
detection mode. 
The ions formed in the drift tube are extracted towards an ion trap mass 
spectrometer, where they are accumulated and mass analyzed and subsequently 
detected by a conversion dynode/electron multiplier assembly. The ion trap mass 
spectrometer consists of a central ring electrode with an inner radius r0 = 7.07 mm, 
driven with an RF frequency of 1.02 MHz, and two end caps with z0 = 7.85 mm (z0 is 
half the distance between the two end caps) with an opening of ~1.1 mm on each end. 
The electrodes are isolated by ceramic rings in a closed setup. The helium damping gas 
(>99.999% purity) is added through a hole in the side of the exit end-cap electrode. 
Ions are focused into the ion trap by a set of three electrostatic lenses of which the 
second is a gate lens to allow the ions into the trap. Filtered noise fields (FNF) are 
applied to the end-caps to resonantly eject specific m/z values from the trap or to 
resonantly excite pre-selected m/z values for collision induced dissociation analysis. 
No automatic gain control is used. All mass spectrometer actions are controlled by an 
adapted “Custom Tune” module accompanying the standard PolarisQ control software 
“Excalibur”.
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11.2.2 Measurements 
Monoterpenes can be seen as a combination of two isoprene entities C5H8 and 
may be saturated, unsaturated, cyclic or acyclic. Their different isomers may differ only 
by as much as the position of a double bond. The CID-patterns of 10 different 
monoterpenes (pure compounds; Sigma-Aldrich Chemie BV, Zwijndrecht, the 
Netherlands) are measured, of which only one (myrcene) is acyclic (Fig. 11.2).  
Fig.11.2 The structures of the monoterpenes used in this study. 
A few milliliter of pure compound is put into a small septum-capped vile. A 
needle through the septum provides a diffusion path from the small vile into a 1 liter 
cuvette. The headspace of this big cuvette is flushed with nitrogen and analyzed by the 
PIT-MS. For all 10 monoterpenes, the CID-patterns of the most prominent fragments 
(including the parent ion) are made and the fragmentation ratios due to dissociative 
proton-transfer reactions as a function of E/N value (E/N = drift tube electric field 
divided by the gas number density, a measure of the kinetic energy of ions in the drift 
tube, expressed in Townsend. 1 Td = 10-17V cm2) are determined for 8 monoterpenes.  
CID patterns are plot as the relative ion intensity as a function of resonant 
excitation energy. At each value for the resonant excitation energy, 10 mass scans of 
the CID products (+ parent ion) are made and averaged. The fragment values are 
determined as follows: 
¦
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where Inorm is the normalized ion intensity, I the measured intensity of the ion (fragment 
ions as well as parent ions) and P0 the intensity of the parent ion at zero excitation 
amplitude. Irel is the value for the intensity, expressed as a fraction of the sum of all 
(normalized) ion signals. The ratio between fragments is determined as the average of 
the last three or four energies of the CID pattern. These fragmentation ratios, and 
sometimes the dissociation threshold, are the values that can be compared for different 
compounds. 
The influences of buffer gas pressure and stability parameter during resonant 
excitation are investigated by comparing the CID pattern of acetone at different values 
of these parameters. The effect of changing drift voltage values is monitored by 
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measuring the CID patterns of 5 different monoterpenes at E/N values ranging from 80 
to 140 Td.  
To check if the ion internal energy is affecting the CID pattern, the cooling time 
between isolation and dissociation is varied and the ratio between fragment masses 95 
and 81 amu of alpha-terpinene are monitored. 
11.3 Results
11.3.1 Fragmentation patterns upon proton-transfer 
Fig.11.3 shows the fragment ratios of 8 monoterpenes as a function of E/N-
value for the dissociative proton-transfer reaction. All 8 monoterpenes have major 
fragments on only masses 81 (C6H9+) and 95 amu (C7H11+), where 81 amu almost 
always is the dominant fragment mass. Only in the case of myrcene and adamantane, 
the fragment on 95 is of comparable intensity as the fragment on mass 81 amu. 
Adamantane hardly fragments at all, and for myrcene only at higher E/N-values 
fragmentation becomes important. All other compounds have some other minor 
fragment (e.g. mass 107 for adamantane <5 % at 140 Td and <2% at 100 Td), but those 
will not be observable or quantifiable in biological samples and are therefore ignored. 
The fragmentation ratios from the dissociative proton-transfer reactions for the 
different monoterpenes, as obtained with our PIT-MS system are given in table 11.1. 
In recent work [26], we showed that the PIT-MS can handle cluster ions much 
better than a PTR-MS can, as a consequence of which the E/N-value in the drift tube 
can be reduced considerably. An optimal E/N-value of ~ 95 Td was found for most of 
the compounds explored. Fig. 11.4 shows the absolute (normalized) ion intensity of the 
sum of the fragments and of the parent ion mass 137 amu as a function of E/N. This 
graph only gives information about the relative sensitivity per monoterpene as a 
function of E/N value, since the concentration of the monoterpenes is unknown, but 
constant over the whole experiment. From Fig. 11.4, we find again an optimal 
sensitivity between 90 and 100 Td. 
11.3.2 Collision Induced Dissociation 
At 100 Td, for all the monoterpenes, mass 137 amu is the dominant mass. Fig.11.5 
shows the CID patterns of mass 137 of the monoterpenes myrcene, adamantane, 2-
carene and 3-carene. This figure clearly shows the differences that can be found 
between the CID patterns of the various monoterpenes. We can distinguish between 2-
carene and 3-carene by the difference in m95/m81 ratio, while myrcene shows a small 
but significant fragment on mass 107. Adamantane shows a completely different CID 
pattern, where the two dominant fragments are mass 107 and 93, with a smaller 
fragment on mass 79.  
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Fig. 11.3 Fragmentation patterns as a function of E/N-value in the drift tube of the monoterpene 
species adamantane, Į-pinene, ȕ-pinene, camphene, 2-carene, 3-carene, Ȗ-terpinene and 
myrcene.  
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Table 11.1 Fragmentation ratios due to dissociative proton-transfer from H3O+ to the 
monoterpenes at 100 Td and at 120 Td. The sum of the fractions is set to 100%. For some, an 
additional small fragment (<5%) is observed but not given in the table, so the sum of m137, 
m95 and m81 might not add up to 100%. 
100 Td 120Td compound 
m137 amu 
(%) 
m95 amu 
(%) 
m81
amu (%) 
m137 (%) m95 (%) m81 (%) 
Adamantane 81 6 11 77 7 13 
ȕ-pinene 46 10 44 37 15 48 
2-carene 55 10 36 45 13 42 
3-carene 51 10 39 41 14 45 
Į-terpinene 47 11 43 40 15 46 
Ȗ-terpinene 46 10 44 38 14 48 
camphene 47 9 44 38 14 48 
myrcene 74 10 17 62 15 23 
Fig. 11.4 The sum of ion intensities of the major fragments (top panel) and of mass 137 (bottom 
panel) is shown as a function of E/N-value in the drift tube for 8 different monoterpenes.  
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For all the monoterpenes studied here, the CID patterns of the “proton-transfer 
fragments” 95 amu and 81 amu are identical. Fig. 11.6 displays the CID patterns of 
masses 95 amu and 81 amu of adamantane as an example for these patterns. To identify 
various monoterpenes by their CID pattern, we could use both the (relative) 
dissociation threshold (the lowest resonant excitation waveform amplitude at which the 
major CID fragment is detected) and the final ratio between different fragments. As 
will be shown below, the dissociation threshold depends strongly on instrumental 
parameters. Therefore, to be able to compare different PIT-MS instruments in the 
future, the final ratio between the different fragments or a list of the fraction of the CID 
products is used. Table 11.2 gives these values for all 10 monoterpenes investigated in 
this work. 
11.3.3 Influence of system parameters on CID patterns 
Three of the parameters that influence the CID behavior are investigated: the 
helium pressure in the ion trap, the resonant excitation qz stability parameter and the 
E/N-value in the drift tube. Here, we use acetone as an example. The helium pressure in 
the ion trap is important, since it has two effects. On one hand, the helium scavenges 
kinetic energy from the ions in the trap by elastic collisions. On the other hand, when 
the kinetic energy of a stored ion is increased far enough, inelastic collisions with the 
helium buffer gas can cause collision induced dissociation.  
Table 11.2 Final CID fragment ratios of 10 monoterpenes 
Compound Highest  
fragment 
(amu (%)) 
Second
mass
Third
mass
Fourth 
mass
Fifth mass  Ratio  
m95/m81
Adamantane 107 (38) 93 (36) 79 (14) 67 (5) 95 (2) n.a. 
Į-pinene 95 (54) 81 (34) 117 (12)   1.588 
ȕ-pinene 95 (49) 81 (44) 109 (5) 121 (2)  1.114 
2-carene 95 (44) 81 (42) 121 (4) 109 (4) 107 (3) 1.048 
3-carene 95 (53) 81 (40) 109 (5)   1.325 
Į-terpinene 95 (46) 81 (41) 109 (4) 121 (2)  1.122 
Ȗ-terpinene 95 (48) 81 (39) 109 (4) 107 (3) 121 (3) 1.23 
camphene 95 (49) 81 (39) 107 (4) 109 (4)  1.256 
Myrcene 95 (47) 81 (36) 107 (12) 117 (5)  1.306 
(+)-limonene 95 (49) 81 (39) 107 (7) 121 (4)  1.256 
Chapter 11 
148
Fig. 11.5 CID patterns of the parent ion of myrcene, adamantane, 2-carene and 3-carene in the 
ion trap. Fragmentation fractions are shown as a function of the excitation waveform amplitude 
in the trap. 
Fig. 11.6 CID patterns of the two major proton-transfer fragments of adamantane are shown as 
a typical example for further dissociation of fragments in the ion trap. Fragmentation fractions 
are shown as a function of the excitation waveform amplitude in the trap. 
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Fig. 11.7 shows the influence of the helium pressure on the dissociation 
pattern. As shown for acetone the dissociation threshold shifts to higher voltages at 
increased helium pressures, showing the increased damping effect. Also displayed is 
the final m41/m31 fragment ratio, which is not affected by increased helium pressure. 
The point at 16% damping gas flow (optimal trap performance is found around 11% 
helium flow, corresponding to p ~ 1 · 10-3 mbar) is increased due to the shifted 
dissociation threshold value. The maximum fluence (product of excitation waveform 
amplitude and duration) applied could not fully dissociate the trapped ions. This is 
reflected by the large error bar. 
It is known that the CID results in terms of efficiency depend on the resonant 
excitation q-value (qz-stability parameter, given by qz = 8eV/(m(r02 + z02)2),
corresponding to a set amplitude of the drive frequency ) [32, 33]. The working point 
at which CID is performed strongly influences the trapping efficiency of the 
dissociation products (see Fig. 11.8). The trapping efficiency is defined as the ratio 
between the number of fragment ions stored and the number of ions stored before 
dissociation. The loss is determined by the ion motion pathways that exceed the 
physical boundaries of the trap. Both trapping and dissociating effects are induced by 
the excitation waveform. The optimal qz value for dissociation efficiency is 0.325, 
which is used in all experiments. Again, when the fragmentation product intensities are 
expressed as fractions of the total ion intensity left after dissociation, the fractions are 
constant and the ratios are not affected by the qz parameter over a large width of qz-
values.
Fig. 11.9 shows the dependence on the E/N value in the drift tube of the 
m95/m81 CID fragment ratio for 5 different monoterpenes. The fragment at mass 81 
decreases with increasing E/N value, which results in an increasing m95/m81 ratio. To 
investigate if the decrease of fragment m81 is caused by the high internal ion energy, 
the effect of a variable ‘cooling time’ on the CID pattern is measured. The cooling time 
is the time between finalizing the isolation of the ion to be fragmented and starting the 
CID; the RF voltage amplitude is maintained constant and the ions are not subjected to 
dissociation yet. Such a delay permits collisional relaxation of the internal energy via 
collisions with the helium. Fig. 11.10 shows the effect of such a cooling time on the 
ratio between fragments m95 and m81 of alpha-terpinene at 140 Td, which closely 
resembles an experiment performed by Liere et al [33] using n-butylbenzene. 
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Fig. 10.7 Influence of the He damping gas flow in the ion trap on the dissociation threshold and 
fragment ratio for acetone. Here, the dissociation threshold is determined as the minimally 
needed amplitude for the excitation waveform to observe mass 31 amu as a fragment. The 
dissociation threshold increases due to the increased He damping effect. The fragmentation 
ratio is independent on the He flow (and subsequent pressure in the trap): the mass 41/31 ratio 
is constant. Due to the high dissociation threshold the 16% helium flow value has a large 
uncertainty. 
Fig. 11.8 Influence of the stability parameter qz on the storage efficiency in the trap and the 
fragmentation ratio for acetone. The storage efficiency is calculated as the number of ions 
stored at maximum excitation waveform amplitude, relative to the number of ions stored at zero 
amplitude Voltage. An optimum value is found at qz = 0.325. The fragmentation mass 41/31 
ratio is found to be relatively independent for the qz value showing that a sufficient fraction of 
the initial ions is still stored after dissociation. 
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Fig. 11.9 Influence of the E/N value in the drift tube on the fragmentation ratio between 
fragment ions at m/z 95 and 81 amu following CID in the ion trap. 
Fig. 11.10 Effect of a cooling period between isolation and excitation of the trapped ions in the 
ion trap on the ratio between the two fragments produced upon CID. Clear internal energy 
dependence is observed. 
11.4 Discussion and Conclusion  
Here we investigated the fragmentation patterns of the dissociative proton-
transfer reaction of H3O+ with 8 different monoterpenes and the collision induced 
dissociation patterns of 10 different monoterpenes with our newly developed PIT-MS 
instrument. Additionally we studied the influence of 3 important instrumental 
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parameters on the outcome of the CID experiments in order to find out how universal 
the obtained CID results are. We show that the PIT-MS technique forms a very useful 
addition to conventional PTR-MS by offering means of identification of different 
isomeric compounds.  
Dissociative proton-transfer reactions of H3O+ with various monoterpenes have 
been studied by Wang and coworkers in a Selected Ion Flow Tube Mass Spectrometer 
(SIFT-MS) [27]. They reported only a major fragment on mass 81 amu, with most of 
the ion intensity found on mass 137 amu. They found that only two monoterpenes (the 
two limonene compounds) show a very limited degree of fragmentation (3%) on mass 
95. Schoon et al [34] also used SIFT-MS to study the reactions with monoterpenes and 
they report very limited <8% fragments on either mass 93 or mass 95 amu. This 
difference in fragmentation patterns as compared to our study can be explained by 
realizing that the kinetic energy in a drift tube is much higher than in a flow tube as 
employed in a SIFT-MS, leading to increased dissociation upon proton-transfer. 
Several studies published monoterpenes measurements with PTR-MS. Mainly, 
monoterpenes are monitored on mass 137 amu with the major fragment on mass 81 
amu and only fragments of a few percent on mass 93 or 95 [3, 27, 30, 34-36]. Here we 
find, next to a fragment on mass 81, significant fragmentation on mass 95, not on mass 
93. Additionally, fragmentation occurs to a higher degree than found in most PTR-MS 
systems. Possibly this occurs due to dissociation upon trapping or isolation in the ion 
trap. It has been shown that the internal energy of trapped ions increases during the 
isolation process, when the ion trap drive voltage is ramped to the isolation q-value [33, 
37]. A second cause could be an increase in kinetic energy in the buffer chamber of our 
PIT-MS instrument.
We report the first dissociation patterns on 10 monoterpenes in an attempt to 
distinguish between different monoterpenes based on their CID patterns. All 10 
monoterpenes have distinctive features in their CID pattern. In some cases it is the ratio 
between mass 95 and 81 amu that distinguishes them from the others. In other cases, it 
is a unique fragment, or the combination of both. Adamantane shows a completely 
different CID behavior. It will be possible to identify a single monoterpene solely on 
the basis of these differences. Of course, when a mixture of multiple monoterpenes is 
monitored, identification gets more complicated and it depends on the relative amounts 
and the identity of the monoterpenes in the mixture whether it is possible to identify all 
products and to determine their mixing ratios. Additionally, we realize that there exist 
more monoterpenes than the 10 examined in this study. 
One reason to study the dependence of the CID pattern on different ion trap 
parameters is the wish to compare different PIT-MS systems and to make a database of 
CID patterns for compounds often observed. Since the proton-transfer reaction 
ionization is so versatile, the amount of compounds that could be observed is very large 
and characterization of the system for all possible compounds is a virtually endless 
task. We show that the fragmentation ratios are independent of the helium flow and the 
excitation qz value, when the fragments are expressed as fractions of the total ion 
intensities stored after dissociation. However, different internal ion energies could 
influence the fragment ratios when two or more dissociation pathways compete. Liere 
et al [33] reported a clear influence of the ion internal energy on the fragmentation ratio 
of n-butylbenzene. They show that different internal energies of the n-butylbenzene ion 
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favor either the low or high internal energy dissociation pathway, leading to different 
ratios for the products mass 91 or 92. A similar effect is observed in our case on alpha-
terpinene.
Our results show that it is not straightforward to compare CID patterns from 
different/differently configured systems. A comparison between the CID patterns of 
different instruments and the dependence of the patterns on different parameters could 
elucidate this question.
The conventional, quadrupole mass filter-equipped PTR-MS instrument cannot 
distinguish different monoterpenes species. Therefore, usually the sum of the ion 
signals on mass 81 and 137 amu (or only mass 137 amu) is adopted as a measure for 
total monoterpenes [35, 38-39]. We show here that it is possible to distinguish between 
several different compounds solely on the basis of their CID patterns, using our PIT-
MS instrument. This shows that the CID method is a very useful addition to the PTR 
techniques.
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Appendix A 
Thermodynamics
 The law of mass action1
Consider an ideal gas, composed of molecular species having molecular masses 
mi with i  1 and integer. Ideal behaviour is shown by a gas composed of molecules 
having negligible size and exert negligible force on one another. First, it is important to 
remark that different species will move independently and properties of the mixture 
simply are the sum of the components´ properties. For instance: 
¦ 
i
inV
RTp         (A.1) 
with n the number of moles of the ith component. This basically is Dalton´s law: 
¦ 
i
ipp  (only for ideal gases)      (A.2) 
For all other thermodynamic (macroscopic) properties, the same equation can 
be written; the total entropy is the sum of the partial entropies, the total enthalpy is the 
sum of the partial enthalpies, etc. 
The entropy of a single component in a mixture, expressed in concentrations, will be 
given by: 
impimiim cRTCpRScpTS ii lnlnln),,( 0     (A.3) 
Here Cmp is the heat capacity of the gas at constant pressure and at constant 
concentration (suffix m). 
Just as the entropy of a single phase is determined by temperature, pressure and 
composition (formula (3)), the Gibbs potential is also given by these parameters. The 
Gibbs potential of ideal solutions and mixtures is therefore given by [1]:  
¦  imC cRTpRTTGmmmpTGG lnln)(),,,,( 021    (A.4) 
                                                
This derivation is based on: C.J. Adkins, ‘Equilibrium Thermodynamics’, 3rd
edition, Cambridge University Press, Chapters 9 and 11. 
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where C is the number of components in the mixture. The differential form of this is: 
¦ ¸
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   (A.5) 
Introducing the quantity gi, the chemical potential or the partial potential:
i
i m
Gg
w
w         (A.6) 
we get as an equivalent of g (expressed in molar quantities instead of in amounts of 
molecules):
iiiii cRTpTgM ln),(0   PP      (A.7) 
This quantity ȝi is called the molar partial potential and can be expressed as derivative 
of the 4 thermodynamic potentials: 
VTipSiVSipTi
i n
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§
w
w P    (A.8) 
in which ni is the number of moles of the ith component, G is the Gibbs function, U the 
internal energy, H the enthalpy and F the Helmholtz function. Rewriting equation (A.8) 
gives the expression for the total Gibbs function: 
¦ iinG P         (A.9) 
which shows that the chemical potential is analogous to the specific Gibbs function of a 
pure substance. 
If we realize that the condition for thermodynamic equilibrium of any system at 
constant temperature and pressure is that the Gibbs function is a minimum, we can 
study the following chemical reaction:  
44332211 JaJaJaJa l
or         (A.10) 
044332211   JJJJ QQQQ
where Ji stands for a reactant of a product and ai and Ȟi for the relative amount of 
molecules involved in a single reaction. The equilibrium equation expressed in partial 
molar potentials is then given by: 
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044332211   QPQPQPQP        (A.11) 
This can be generalized for any number of reactants and products: 
¦¦   0;0 iiii J QPQ       (A.12) 
for any number of reactants involved. The second part of equation (11) is called the
equation of reaction equilibrium and resembles the conservation of mass condition. In 
reaction (11), the ȝi are given by: 
iii pRTT ln)(0  PP        (A.13) 
analogous to reaction (4). If equation (12) is put in equation (11), we obtain: 
0ln)ln( 00  3  ¦¦ iiiiiii pRTpRT QPQPQ    (A.14) 
With the definition: 
)(TKp pi i {3
Q         (A.15) 
the law of mass action is obtained: 
¦  iip TKRT 0)(ln PQ       (A.16) 
The defined factor Kp is the equilibrium constant.
The law of mass action determines how the equilibrium concentrations of 
reacting gases are related for a given temperature. This same equation can also be 
written in a different way. Here we come via the following calculations. 
If the time derivative of equation (15) is taken this can, via some calculations, be 
rewritten as: 
mp HQKdT
dRT '  ln2       (A.17) 
This is known as the van ‘t Hoff isobar, where ǻH is the sum of  the molar enthalpies 
( mii TSP ) of the reactants and Q is the heat of reaction, defined as the amount of 
heat absorbed when the reaction proceeds in the forward direction. Equation (16) can 
be rewritten, realizing  
iiiimii
TSGTSHH ¦ ¦ ¦  {' PQQ , to be 
Appendix A 
158
STH
GTKRT iip
'' 
   ¦ 0)(ln PQ       (A.18) 
which is again the law of mass action, equation (A.16) (compare this with equation 
2.1.8).
The law of mass action (equation (A.16)) has a straightforward microscopic 
interpretation. The simplest microscopic assumption that can be made is that a reaction 
can only occur when the molecules are close together. For example in the reaction 
given in equation (9), a ‘collision’ between a1 molecules J1 and a2 molecules of J2 is 
required. The probability that one molecule of J1 will be in a particular region at a 
particular time will be proportional to the density of J1 molecules there, which is 
proportional to the partial pressure in the gas in which the reaction is taking place. So 
the probability that a1 molecules J1 and a2 molecules of J2 coincide at a certain point 
will be proportional to 21 21
aa pp . The rate of reaction from left to right will be: 
21
21)(
aa ppTC         (A.19) 
For the reaction to the right, a similar reaction can be found. At equilibrium, these two 
equations will be equal, giving: 
)(
43
21
43
21 TK
pp
pp
aa
aa
         (A.20) 
which is again the law of mass action, but now in a different form. The partial pressures 
in this equation can be replaced by concentrations in dilute mixtures (compare with 
equation 2.1.6).  
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Proton affinities and collision rate constants 
of common trace gas molecules 
Table B.1 Proton affinities and collision rate constants of selected trace gas molecules. 
 Compound name Structural 
formula 
mRH+ PA (kcal 
mol-1)a
kc with 
H3O+
Reference 
for kc
1 Ammonia H3N 18 204  2.6 (12) [8] 
2 water H2O 19 165.5  [1] 
3 Acetyleneb C2H2 27 153.3    
4 Formaldehyde CH2O 31 170.4 3.4 / 2.92 [4, 16] 
5 Methanol CH4O 33 180.3 2.7 / 2.33 [2, 16] 
6 Hydrogenperoxideb H2O2 35 161.2 3.2  
7 1,2-propadiene C3H4 41 185.3 1.56 [16] 
8 cyclopropene C3H4 41 195.6 1.6 [16] 
9 propyne C3H4 41 178.8 1.71 [16] 
10 Acetonitrile  C2H3N 42 186.2 5.1 / 4.74 [8, 16] 
11 cyclopropane C3H6 43 179.3 1.51  [2] 
12 Ketene (=ethenone) C2H2O 43 197.3 2.21 [16] 
13 propene C3H6 43 179.6 1.58 [16] 
14 Acetaldehyde C2H4O 45 183.7  3.7 /3.36 [2, 16] 
15 Ethylene oxide C2H4O 45 185.0    
16 Dimethylamine C2H7N 46 222.2  2.1  [8] 
17 Dimethyl ether C2H6O 47 189.3    
18 Ethanol C2H6O 47 185.6  2.7 / 2.26 [2, 16] 
19 Formic Acid CH2O2 47 177.3  2.2 / 2.02 [5, 16] 
20  H3SiOH 49 178.4   
21 Chromoethylene CHCr 49 208.6   
22 Magnesium dimer Mg2 49 219.6   
23 methanethiol CH4S 49 184.8   
24 Methylphosphine CH5P 49 203.6   
25 Titanium Ti 49 209.4   
26 1,3-butadiyne C4H2 51 176.2 1.76 [16] 
27 1,2-butadiene C4H6 55 186.2    
28 1,3-butadiene C4H6  55 187.2    
29 1,2-butadiene C4H6 55 186.2 1.81 [16] 
30 2-butyne C4H6 55 185.4 1.68 [16] 
31 cyclobutene C4H6 55 187.5 1.69 [16] 
32 2-propenal C3H4O 57 190.5 3.35 [16] 
33 Acrolein = 2-propenal C3H4O 57 190.5 4.2  
34 propenal C3H4O 57 190.5 4.2  [4] 
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35 2-butene C4H6 57 178.5 1.73 [16] 
36 2-methylpropene C4H6 57 191.7 1.82 [16] 
37 1-Propanal C3H6O 59 187.9  3.6  [4] 
38 2-propen-1-ol C3H6O 59  2.52 [16] 
39 Acetone C3H6O 59 194.1  3.9 / 3.0 [2,16] 
40 Ethanedial C2H2O2 59  1.34 [16] 
41 Glyoxal (= ethanedial) C2H2O2 59  1.34 [16] 
42 oxetane C3H6O 59 191.5 2.69 [16] 
43 propanal C3H6O 59 187.9 3.44 [16] 
44 1-propylamine C3H9N 60 219.4  2.4  [8] 
45 Isopropylamine C3H9O 60 220.8 2.4  [8] 
46 Methylethylamine  C3H9N 60 225.2  2.3  [8] 
47 Trimethylamine  C3H9N 60 226.8 2.0  [8] 
48 1-propanol C3H8O 61 188.0 2.7 / 2.44 [6, 16] 
49 2-propanol C3H8O 61 189.5  2.7 / 2.47 [6, 16] 
50 Acetic Acid C2H4O2 61 187.3  2.6 /2.27 [5, 16] 
51 Isopropyl alcohol C3H8O 61 189.5  2.35 [16] 
52 Methyl formate C2H4O2 61 187.0  2.7  [6] 
53 1,2-ethanediol C2H6O2 63 195.0    
54 Dimethylsulfide (DMS) C2H6S 63 198.6  2.53 [16] 
55 ethanethiol C2H6S 63 188.7  2.6 [12] 
56 Fluoro-ethanol C2H5FO 65 171.0    
57 ethylchloride C2H5Cl 65.5 165.7    
58 1,3-cyclopentadiene C5H6 67 196.4 1.83 [16] 
59 Pyrrole  C4H5N 68 209.2  3.0  [8] 
60 Cyclopentene  C5H8 69  183.2  1.81 [16] 
61 Furan  C4H4O 69 192.0 1.78 [16] 
62 Isoprene C5H8 69 200.4 1.9 /1.94 [2, 16] 
63 2-pentyne C5H8 69 193.6 1.95 [16] 
64 Trans-1,2-pentadiene C5H8 69 199.4 2.02 [16] 
65 isooxazole C3H3NO 70 202.8   
66 oxazole C3H3NO 70 201.8   
67 butanenitrile C4H7N 70 190.8   
68 1-pentene C5H10 71  2.0  [9] 
69 2-butenal  C4H6O 71 198.6  4.8 / 4.66 [10, 16] 
70 2-methyl-1-butene C5H10 71 193.3 1.94 [16] 
71 2-methyl-2-butene C5H10 71 193.3  1.89 [16] 
72 2-methyl-2-propenal C4H6O 71 193.3   
73 Crotonaldehyde  C4H6O 71 198.6  4.8 / 3.84 [10,16] 
74 Methacrolein C4H6O 71 193.3  3.55 [16] 
75 Methyl vinyl ketone C4H6O 71 199.5  3.83  
76 Trans-2-pentene C5H10 71   1.9  [9] 
77 1-Butanal C4H8O 73 189.5  3.8  [4] 
78 2-butanone (MEK) C4H8O 73 197.7  3.9 / 3.38 [4, 16] 
79 2-methyl-propanal C4H8O 73 190.6  3.8 / 3.35 [10, 16] 
80 Acrylic acid C3H4O2 73  2.7  [5] 
81 butanal C4H8O 73 189.5 3.49 [16] 
82 isobutanal C4H8O 73 190.6 3.35 [16] 
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83 Methyl ethyl ketone C4H8O 73 197.7  3.48 [16] 
84 n-butanal C4H8O 73  3.8  [10] 
85 Tetrahydrofuran C4H8O 73 196.5  2.8  [11]             
86 1-butylamine C4H11N 74 220.2  2.7  [8] 
87 Diethylamine  C4H11N 74 227.6  2.3  [8] 
88 N,N-dimethylformamide C3H7NO 74 212.1   
89 1-Butanol C4H10O 75 188.6  2.8 / 2.47 [6, 16] 
90 2-butanol C4H10O 75 195.  2.7  [6] 
91 2-methyl-1-propanol C4H10O 75 189.7  2.7 / 2.37 [6, 16] 
92 2-methyl-2-propanol C4H10O 75 191.8  2.7  [6] 
93 Diethyl ether C4H10O 75 198.0  2.4  [2] 
94 Ethyl formate C3H6O2 75 191.1  3.0  [5] 
95 Methyl acetate C3H6O2 75 196.4  2.8  [5] 
96 Propionic Acid C3H6O2 75 190.5  2.7  [5] 
97 Methyl alcohol C3H8O2 77 183.7    
98 Peroxyacetic acid C2H4O3 77  3.2  
99 Thiolacetic acid C2H4OS 77  2.8  [12] 
100 Benzene C6H6 79 179.3  1.91/1.97 [2, 16] 
101 Dimethyl sulfoxide C2H6OS 79 211.4    
102 Pyridine C5H5N 80 222.  3.3  [8] 
103 1-hexyne C6H10 83 191.2 2.16 [16] 
104 2-hexyne C6H10 83 192.7 1.98 [16] 
105 Cyclohexene C6H10 83 187.5  1.96 [16] 
106 1-Hexene C6H12 85 192.4  2.1 / 2.02 [9, 16] 
107 Cyclohexaneb C6H12 85 164.2 1.95 [2] 
108 Trans-2-hexene C6H12 85  2.0  [9] 
109 Trans-2-methyl-2-butenal C5H8O 85  4.6  [10] 
110 Trans-2-pentenal C5H8O 85  4.6  [10] 
111 Methylcyclopentene C6H12 85 181.6 1.95 [16] 
112 1-pentanal C5H10O 87 190.4 3.6  [4] 
113 2,3-butanedione C4H8O2 87 191.7  1.7  [4] 
114 2-pentanone C5H10O 87 199.0  3.9 / 3.41 [4, 16] 
115 3-methyl-2-butanone C5H10O 87 199.9    
116 3-Methylbutanal C5H10O 87 3.6  [10] 
117 3-pentanone C5H10O 87 200.0  3.9 / 3.35 [4, 16] 
118 Allyl ethyl ether C5H10O 87 199.3  2.5  [11] 
119 Gamma-butyrolactone C4H6O2 87 200.8   
120 Pentanal C5H10O 87 190.4 3.34 [16] 
121 1-pentylamine C5H13N 88 220.7  2.7  [8] 
122 N,N-dimethylacetamide C4H9NO 88 217   
123 1-pentanol C5H12O 89  2.8  [6] 
124 2-methyl-2-butanol C5H12O 89  2.8  [6] 
125 3-methyl-1-butanol C5H12O 89  2.8  [6] 
126 3-pentanol C5H12O 89  2.8  [6] 
127 Butyl methyl ether C5H12O 89 196.1  2.5  [11] 
128 Ethyl acetate C4H8O2 89 199.7  2.9  [2] 
129 Iso-butyric acid C4H8O2 89  2.9  [5] 
130 Methyl propionate C4H8O2 89  2.9  [5] 
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131 n-butyric acid C4H8O2 89  2.9  [5] 
132 1,3-dioxane C4H8O2 89 197.3 2.77 [16] 
133 1,4-dioxane C4H8O2 89 190.6 1.72 [16] 
134 1,2-dimethoxy ethane C4H10O2 91 205.1  2.7  [11] 
135 Lactic acid C3H4O3 91  3.0  [5] 
136 Toluene C6H5CH3 93 187.4  2.2 / 2.12 [2, 16] 
137 Aniline  C6H7N 94 210.9  2.8   
138 1-propyne, 3,3’-oxybis- C6H6O 95 187.4    
139 Dimethyldisulphide  C2H6S2 95 194.9  2.6   
140 Phenol C6H6O 95 195.3 2.52 [16] 
141 2,5-dimethylfuran C6H8O 96 207    
142 Fluorobenzene C6H5F 96 180.7  2.7   
143 1-heptene C7H14 99  2.3   
144 Cis-3-hexenal C6H10O 99  4.2   
145 Methylcyclohexaneb C7H14 99 165.3  2.2  [2] 
146 Trans-2-heptene C7H14 99  2.2  [9] 
147 Trans-2-hexenal C6H10O 99  4.6  [4] 
148 N-methyl-2-pyrrolidone C5H9NO 100 220.7   
149 1,5-pentanedial C5H8O2 101  2.6 / 4.14 [4, 16] 
150 1-Hexanal C6H12O 101  3.7  [4] 
151 2-Hexanone C6H12O 101  4.0  [4] 
152 3-Hexanone C6H12O 101 201.5  4.0  [4] 
153 acetylacetone C5H8O2 101 208.8 2.51 [16] 
154 cyclohexanol C6H12O 101  2.59 [16] 
155 hexanal C6H12O 101  3.74 [16] 
156 Triethylamine  C6H15N 102 234.7 2.5   
157 1-ethoxy butane C6H14O 103  2.6   
158 1-hexanol C6H14O 103  2.9  [3] 
159 Diisopropyl ether C6H14O 103 204.5 2.6   
160 Dipropyl ether C6H14O 103 200.3 2.6   
161 Ethyl propionate C5H10O2 103  2.9   
162 Methyl butyrate C5H10O2 103 199.9 2.9   
163 Trimethyl acetic acid C5H10O2 103  2.9   
164 Valeric acid C5H10O2 103  2.9   
165 Benzonitrile C7H5N 104 194.0 5.3  [8] 
166 Styrene C8H8 105.15 200.6 2.33 [16] 
167 Benzaldehyde C7H6O 107 199.3 4.12 [16] 
168 Ethylbenzene C8H10 107 188.3 2.4 / 2.25 [7, 16] 
169 m-Xylene C8H10 107 194.1 2.26 [16] 
170 o-Xylene C8H10 107 214.8 2.32 [16] 
171 p-Xylene C8H10 107 189.9 2.27 [16] 
172 O-toluidine C7H9N 108 212.9    
173 Anisol  C7H8O 109 200.7   
174 Anisole (methoxybenzene) C7H8O 109 200.7  2.7  [11] 
175 Benzyl alcohol C7H8O 109 186.0  2.84 [16] 
176 p-benzoquinone C6H4O2 109 191.0 2.15 [16] 
177 m-Cresol C7H8O 109  2.45 [16] 
178 k-Cresol C7H8O 109  2.46 [16] 
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179 p-Cresol C7H8O 109  2.61 [16] 
180 1-octene C8H16 113  2.4  [9] 
181 Chlorobenzene  C6H5Cl 113 180.0  2.9  [13] 
182 cyclooctane C8H16 113 181.6 2.22 [16] 
183 Trans-2-heptenal C7H12O 113  4.7  [10] 
184 Trans-2-octene C8H16 113  2.3  [9] 
185 Heptanal C7H14O 115   3.34 [16] 
186 1-methylethenylbenzene / 
a-methylstyrene 
C9H10 119 206.5    
187 1,2,3-trimethylbenzene C9H12 121  2.5 / 2.47 [7,  16] 
188 1,2,4-trimethylbenzene C9H12 121  2.4  [7] 
189 1,3,5-trimethylbenzene C9H12 121 199.9  2.3 / 2.4  [7, 16] 
190 1,3-dithiane C2H8S2 121  2.9  [12] 
191 1-Phenylethanone C8H8O 121 205.8  4.3  [4] 
192 acetophenone C8H8O 121 205.8 3.91 [16] 
193 Iso-propylbenzene C9H12 121 189.2  2.54 [16] 
194 propylbenzene C9H12 121 188.8    
195 Benzoic acid C7H6O2 123 198.2 (22) 3.02 [16] 
196 1-nonene C9H18 127  2.5  [9] 
197 benzylchloride C7H7Cl 127  3.2  [13] 
198 Trans-2-nonene C9H18 127  2.4  [9] 
199 Trans-2-octenal C8H14O 127  4.8  [10] 
200 Octanal C8H16O 129  3.53 [16] 
201 Azulene C10H8 129 221.1 3.04 [16] 
202 naphthalene C10H8 129.17 191.9 2.59 [16] 
203 1-octanol C8H18O 131  3.1  [6] 
204 2-octanol C8H18O 131  3.1  [6] 
205 p-cymene C10H14 135  2.5 [16] 
206 3-carene C10H16 137  2.4  [14] 
207 alpha-pinene C10H16 137  2.4 / 2.44 [14, 16] 
208 Beta-pinene C10H16 137  2.6 / 2.5 [14, 16] 
209 camphene C10H16 137  2.6  [14] 
210 Limonene C10H16 137  2.6  [14] 
211 Methyl benzoate C8H8O2 137 203.3  3.1  [5] 
212 myrcene C10H16 137  2.7 / 2.57 [14, 16] 
213 2-Carene C10H16 137  2.46 [16] 
214 3-carene C10H16 137  2.44 [16] 
215 d-limonene C10H16 137  2.54 [16] 
216 Sabinene C10H16 137  2.63 [16] 
217 Terpinolene C10H16 137  2.51 [16] 
218 1-Decene C10H20 141  2.6  [9] 
219 Trans-2-nonenal C9H16O 141  4.8  [10] 
220 nonanal C9H18O 143  3.84 [16] 
221 1-methyl naphthalene C11H10 143 199.5  2.7 [16] 
222 2-methyl-naphtalene C11H10 143 198.8 2.72 [16] 
223 Lysine C6H14N2O2 147.2 238.   
224 camphor C10H16O 153  4.4 [15] 
225 Trans, trans-2,4-decadienal C10H16O 153  4.9  [10] 
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226 Menthone C10H18O 155  3.4  [4] 
227 acenaphtene C12H10 155 203.6 2.91 [16] 
228 Bromobenzene C6H5Br 157 180.2  3.0  [13] 
229 menthol C10H20O 157  3.1  [6] 
230 Decanal C10H20O 167  3.67 [16] 
231 Fluorene C13H10 167 198.7 2.87 [16] 
232 Anthracene C14H10 179 209.7 3.06 [16] 
233 Phenanthrene C14H10 179 197.3 3.08 [16] 
234 Fluoranthene C16H10 203 198.0 3.32 [16] 
235 Pyrene C16H10 203 207.7 3.41  
236 Iodobenzene C6H5I 205  3.0  [13] 
a Nist database: http://webbook.nist.gov/chemistry/
b The proton affinity is lower than that of water 
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Appendix C 
Experimental determination of optimal PIT-
MS parameters 
The PIT-MS system has been described and validated in chapters 10 and 11. In chapter 
2, the theory of operation of the ion trap is given. In this appendix, a more detailed 
picture is given of the influence of different parameters on the performance of the PIT-
MS. Based on schemes from the system and on graphs showing experimental results, 
the functionality and effects of the various parameters are demonstrated. In this 
appendix, mostly the terminology of the software from the commercial PolarisQ will be 
used.
Waveforms applied for isolation, dissociation and ejection 
RF-ampl. (V)
Ejection
Mass Scan period
Isolation
Excitation
Injection Mass Scan
Isolation
Resonant
Excitation
Fig. C1: An ion trap consists of a central ring electrode and two hyperbolically shaped 
end caps. A radio frequency of 1.02 MHz with variable amplitude (RF-ampl) is applied 
to the central ring electrode. This electrical field acts as a potential well in which the 
ions are trapped. Inside the trap a helium buffer gas is used to improve the trapping and 
dissociating performance of the trap; an optimum is found at 1·10-3 mbar [1]. The ion 
trajectories inside the trap are described by the Mathieu equations. These equations have 
stable solutions at certain values of the stability parameters qz and a. The resulting ion 
trajectory has the shape of a Lissajous-figure. Its frequency along the radius of the ring 
electrode is given by the frequency of the drive potential on the ring (RF frequency). 
The frequency parallel to the z-axis of the trap is a function of the drive potential 
amplitude of the RF frequency and the m/z ratio of the ions. This means that, at any 
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given amplitude of the drive potential, each m/z ratio has its own resonance frequency 
in the z-direction (called secular frequency). Thus, by adding kHz frequency voltages to 
the end cap electrodes (FNFs, filtered noise fields) during specific periods in the mass 
scan period, the performance of the ion trap during ion injection, ion isolation and 
resonant ejection improves and the ability to perform collision induced dissociation 
enhances.
qz
qz tV Zcosc
Fig. C2: During isolation, filtered noise fields (FNFs) are applied to the end caps to eject 
the unwanted ions. These FNFs (in this case called isolation waveforms) contain the 
resonant frequencies of all ions that should be ejected from the trap to retain only one 
isolated ion mass (one m/z value) in the trap. 
 tcosV Zc
0.908
qz
0.0
t ~ 1-200 ms
0.908
qz
0.0
Product ions
Fig C3. Once an ion is isolated, it can be excited using a resonant excitation waveform. 
This waveform has the resonance frequency of the isolated m/z ratio of ions that are to 
be dissociated. The products of the dissociation that occurs due to collisions of the 
excited ions with the helium buffer gas will then be trapped. After excitation, a mass 
scan is made of all the product ions.  
During ejection, the amplitude of the RF drive potential is ramped and a 
waveform is applied to the end caps with a frequency corresponding to a q-value close 
to the right edge of the stability diagram (see Fig. 2.2.5). Resonant ejection can improve 
the resulting mass spectrum considerably. To this end, just before the ions become 
unstable, they are resonantly excited and ejected in a short period of time. The technique 
of resonant ejection is equivalent to resonant excitation, where also a single frequency 
waveform is applied to the end caps.  
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Importance of the buffer chamber
Fig. C4: The buffer chamber is the pumping stage between drift tube and ion trap 
chamber. It is necessary to obtain a low background pressure in the ion trap. The ions 
exit the drift tube (operated at ~2 mbar) and cross the buffer chamber over a distance 
of 10 mm. A 1.0 mm skimmer separates the buffer chamber from the ion trap 
chamber. Fig C4 shows the effect of drift tube pressure on the pressure in the buffer 
chamber (left y-axis), the ion trap chamber and the detector chamber (right y-axis). 
Note that the pressure in the detector chamber is multiplied by a factor of 10. At a 
drift tube pressure of 2.3 mbar the buffer chamber pressure is about 5·10-4 mbar. The 
pressure in the ion trap chamber, without Helium gas load is then about 7.7·10-6 mbar. 
An optimized Helium flow into the trap (which is a closed setup), generates a pressure 
in the trap close to the experimental optimum of 1·10-3 mbar [1]. For optimal 
performance the gas in the trap must consist of more than 99% Helium. The 10 mm 
ion path length across the buffer chamber is a tradeoff between high pumping capacity 
and loss of signal over a longer path length and can be experimentally optimized.  
Voltage difference over the Buffer chamber 
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Fig. C5: The voltage difference between the entrance and exit skimmers of the buffer 
chamber can be adjusted, resulting in increased or decreased ion kinetic energy. At a 
pressure of 1·10-4 mbar, the mean free path of a particle is ~1 cm, decreasing with 
increasing mass (i.e. increasing collision cross section). As a result there are collisions 
in the buffer chamber, which can cause dissociation or loss of ions. The result of such a 
collision is influenced by the kinetic energy of ions upon collisions with neutrals. 
Additionally, the altered kinetic energy will have its effect on the trapping efficiency of 
the ion trap (and dissociation upon trapping). This effect is shown for the dissociation of 
ethyl acetate. The degree of fragmentation increases with increasing voltage difference. 
First mass 89 decreases, followed by a decrease in mass 61, both resulting in an increase 
in mass 43 (most probably due to fragmentation of mass 89 (CH3COOCH2CH3·H+) to 
mass 61 (CH3COOH·H+) and subsequent fragmentation of mass 61 to mass 43 
(CH2CO·H+). This indicates that mass 43 is formed from dissociation of mass 61 (acetic 
acid structure, which is known to fragment to mass 43 [3]).  
This effect can be used to gain information about a compound, which can be useful if a 
pure compound is studied. The same effect can be induced and used in the PTR-MS 
systems [2]. However, the advantage of this method for the identification of compounds 
is limited, since in a more complex mixture, ions from all neutral compounds will be 
fragmented at the same time. In chapters 10 and 11, CID experiments in the ion trap are 
shown to be much more effective.  
Fig. C6. The voltage over the buffer chamber does not only induce fragmentation of 
compounds, but also alters the measured ion intensity. This figure shows the effect of 
increasing voltage difference over the buffer chamber on the trapping efficiency of the 
compounds in the calibrated mixture (~1 ppmv of methanol, acetaldehyde, acetone, 
isoprene, benzene, toluene and styrene). The ion intensity is normalized to the value at 
10 V. Optimal ion intensity is obtained at a voltage drop of 14 V. 
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Electrostatic lenses 
Fig. C7: The ions coming from the buffer chamber are focused into the ion trap by a set 
of three electrostatic lenses; the second acts as a gate lens to allow the ions into the trap. 
Fig. C7 shows the ion intensity as a function of lens voltage for all three lenses and the 
trap offset (Panel A, B and C). Using the standard trapping parameters (12% helium 
flow, 3000 ms trapping time) the ion intensity as a function of lens voltage is shown. 
For every lens, a different optimum voltage is found. No significant mass dependence is 
found for the optimum voltage of the three lenses, but lens 1 and -especially- lens 3 
show a double optimum. The three lenses (diameter ~5 mm, distance of second lens to 
the entrance hole of the trap ~5 mm) focus the ions into the trap. The hole in the 
entrance end cap of the ion trap is ~1.1 mm and the distance from the entrance hole to 
the center of the trap is ~7 mm. The focus of the ion beam should be at the center of the 
ion trap. However, the entrance hole can shield a part of the ion beam from entering, 
which explains the double maximum found for lenses 1 and 3.  
Additionally, Fig. C7 shows that every mass has its own optimal trap offset 
value (the offset voltage of the ion trap relative to the ground, Panel D). The optimal 
trap offset shows a linear mass dependence and has a fairly sharp peak. The optimal 
voltage setting depends on the mass scan ranges. Since it is impossible to change the ion 
trap offset during the scan function, we generally choose the value to be optimized for a 
mass halfway the scan range.  
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The effect of FNFs on the Trapping efficiency  
Fig. C8: The ion trap has a limited capacity to store ions. When the amount of ions in 
the trap becomes too high, the repulsion between the equally charged ions becomes 
important and starts to disturb ion trap operation (space charge effects). Therefore, it is 
important to keep out all ions that are not wanted. To this end, injection waveforms are 
applied to the end caps and an optimal amplitude for the RF drive potential is chosen 
(injection RF). This injection RF value is equivalent to the low-mass cut-off (LMCO; 
the lowest mass that is stable in the ion trap) and corresponds to a specific value for the 
RF drive potential amplitude. Fig. C8 shows the ion intensity on mass 105 amu as a 
function of injection RF value. The optimum value for this mass is around 23 amu.  
The effect of the qz-value on the Trapping efficiency  
Fig. C9: As mentioned before, the qz value is a function of the amplitude of the RF 
frequency and the m/z ratio of the ions. It is found that there is an optimal injection RF 
value for every mass and that this optimal injection RF value varies linear with mass 
(closed squares). Each mass has a clear optimal value, with a relatively broad peak. 
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Since the injection RF is calculated based on the scan range, this range is best chosen as 
narrow as possible. 
The optimal LMCO directly determines the trapping stability parameter qz (Fig. 
C9, open circles; see equation (2.2.29)). By changing the injection RF value, the 
position in the stability diagram (qz-value) of the ions to be trapped is optimized. Fig. 
C9 also shows the resulting qz value for optimal trapping.  
Effect of helium flow on trapping efficiency 
Fig. C10: Helium buffer gas is used to increase the ion trap performance by quenching 
the kinetic energy of the incoming ions. The effect and the efficiency of the Helium 
buffer gas depend on its pressure. When it is too low, the ions will not be trapped; when 
the helium pressure is too high, ion ejection is more difficult and resolution and peak 
shape deteriorate. The amplitude of the ion motion is reduced (i.e. they are focused 
more to the axis of the trap) due to collisions with Helium, which increases the 
resolution and the peak height [1]. This can be pictured by realizing that the ions are 
moving in the z-direction when they are ejected. Ions that are located at the exit end cap 
will be ejected first, followed by ions (with the same m/z value) that are further away. 
When the amplitude of the ion trajectory is small, the time difference between the first 
and the last ions is shorter, which results in narrower and higher peaks and a better 
resolution. Fig. C10 shows the relative trapping efficiency as a function of Helium flow 
into the trap. The values are obtained by peak integration over 1 amu (m±0.5 amu). 
Injection and ejection effects are not easily distinguished and an optimal Helium 
pressure, based on optimal detected peak height, should be found [1]. The picture shows 
that every mass/compound has its own optimal helium pressure. In most experiments a 
Helium flow of 12% (= 6 ml/min) is used.  
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Effect of space charge on trapping efficiency 
Fig. C12: The performance of the trap deteriorates when the amount of ions in the trap 
is too high. This space charge has several effects [1]; in Fig. C12 the effect of space 
charge on the trapping efficiency is shown. During the first ~1000 ms, the number of 
ions increases linearly; above this the trap saturates. The effect of space charge depends 
on the m/z-ratio of the ions that are trapped [1]. Therefore, there is not one single ion 
intensity value at which space charge effects become important, but a range of ion 
intensities. In this system, this ion intensity will be around 1-2·108 pA (equal to intensity 
obtained from a 1 s accumulation of primary ions, m19, 32 and 37 amu). 
Ion trap transmission curve 
Fig. C11: In analogy to a PTR-MS equipped with a quadrupole mass filter, the 
PIT-MS will also show different detection efficiencies for ions having different m/z 
ratios. This is the cumulative effect of trapping, storage, ejection and detection 
efficiencies. This can be called the transmission efficiency. Fig. C11 shows a plot of 
relative transmission efficiency versus mass (“transmission curve”). The values are 
obtained by correcting the ion intensities for differences in concentrations and collision 
rate constants and are normalized to the corrected ion intensity observed for mass 45 
amu. The value obtained for mass 19 is an estimate and will be below 0.05.
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Estimation of trapping efficiency  
All efficiencies are expressed as relative values, with respect to an arbitrary reference 
mass. The absolute trapping efficiency under optimal conditions cannot easily be 
measured. However, it can be estimated. First, we assume a production rate of primary 
ions of 1-2·106 ions per second, a detection amplification factor of 105 and a detected 
signal (mass 19) of 2·108 pA/1000ms (ion intensity for 1000 ms ion trapping time). The 
trapping efficiency for mass 19 would then be (2·108/105)/1-2·106 = 1-2 ‰. For product 
ions, one additional assumption should be made. If a concentration of 10 ppmv is at the 
edge of the dynamic range of the PTR, 10 ppmv corresponds to 10% of 1-2·106 ion. 
That means that 100 ppbv of acetone, which generates 2·107 pA/3000 ms, corresponds 
to ~ 103 produced ions. The number of detected ions would be ((2·107/3)/105) / 103 ~ 75 
ions. The trapping efficiency would then be around 7.5 %.  
Effects of isolation waveforms 
Fig. C13: Isolation waveforms (FNFs) are applied to the end cap electrodes when ions 
with one specific m/z ratio are to be isolated. They contain the resonance frequencies of 
all other ions in the trap, as discussed after Fig C2. Fig. C13 shows the effect of varying 
the isolation waveform amplitude on the isolation of two different ions. An increased 
isolation waveform amplitude more effectively removes mass 43 from the trap, where 
mass 45 is to be isolated (left panel). At high amplitudes, some part of the mass 45 ions 
also gets lost, due to a low degree of excitation by the isolation waveforms, which can 
cause ejection or fragmentation. Fig. C13 (right panel) also shows the same effect for 
mass 59 and its neighboring mass 61. Mass 61 gets removed more effectively while 
mass 59 stays unaffected up to a certain point. From there on, the number of mass 59 
ions decreases and the number of fragment ions (mass 41; [3]) increases. The optimal 
isolation waveform amplitude is found to depend on mass and is calculated according 
to: A = intercept + mass * slope. In this experiment, the amplitude is varied via the 
intercept, for which an optimal value of 20-25 is found, while the slope is kept to 0.08.  
The range of frequencies that is missing in the isolation waveform (the 
resonance frequency of the ions to be isolated) is referred to as the “notch”, the width of 
which can be adjusted. By choosing a wider notch, the effect of fragmentation of ions to 
be isolated can be reduced (since the degree of excitation of the ion to be isolated will 
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be less). However, if the notch is widened too far, this will also mean that a neighboring 
m/z ion is not fully excluded from the trap. 
The effect of isolation qz-value
Fig. C14: The resonance frequency of each m/z ratio depends on the stability parameter 
qz. By adjusting the RF-amplitude, the qz-value of the ion to be isolated (isolation qz
value) can be adjusted. The ejection efficiency for the ions not to be isolated varies with 
their qz-value and also the stability of the ion to be isolated will change. Since the ions 
to be isolated will gain a bit of energy (due to excitation by the waveform), they could 
also be ejected. Fig. C14 shows the effect of changing the isolation q-value. According 
to Fig. C14, ions are not stored effectively when the isolation q-value is too low. For 
higher masses (e.g. 105 amu) the actual q-value is not important, as long as it is above a 
certain value (in this case ~ 0.3). For lower masses, the isolation q-value is more critical. 
Based on this measurement, the isolation q-value that is usually adopted is 0.83. 
Effect of helium pressure on isolation 
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Fig. C15: Ions are isolated by adjusting the RF amplitude on the ring electrode and 
applying a waveform on the end caps. During the excitation time, they collide with the 
Helium buffer gas in the trap and a part of the added kinetic energy is scavenged. The 
magnitude of the damping effect depends on the Helium flow into the trap. Fig. C15 
shows the ion intensity for mass 59 (acetone) as a function of Helium flow into the ion 
trap after 12 ms of isolation. At low flows, a contribution can be found on masses 31 
and 41 (CID products of acetone [3]). At higher pressure this effect is negligible. The 
trapped amount of mass 59 ions is higher at higher Helium flows (see Fig. C10).  
The effect of resonant excitation waveforms 
Fig. C16: In a dissociation experiment, ions are dissociated by application of a resonant 
excitation waveform to the end caps. The kinetic energy of the parent ion is increased 
by applying a kHz-frequency waveform to the end caps, of which the frequency 
coincides with the resonance frequency of the parent ion. Part of the translational energy 
of the ion is converted to internal energy in the ion during the collision. As a result, a 
parent ion can dissociate into 2 or more products, one of which is charged. The ratio 
between these different dissociation products is characteristic for the compound being 
analyzed. In a CID pattern, the ion intensity of parent ions and product ions is measured 
as a function of excitation waveform amplitude after a fixed excitation time. In Fig. C16 
such an experiment is shown for acetone. The vertical line indicates the dissociation 
threshold value, the lowest value at which dissociation products can be observed. 
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Effect of fluence on dissociation 
Fig. C17: The effect of fragmentation depends on the amount of kinetic energy 
delivered to the ions to be dissociated. A short time excitation with a high waveform 
amplitude is equivalent to a longer excitation time with a lower waveform amplitude. 
Therefore, the product of waveform amplitude and waveform duration determines the 
outcome of the experiment (many collisions at lower collision energy or fewer 
collisions at higher collision energy should give the same result). This parameter is 
called the “fluence” (waveform amplitude x duration). Fig. C17 shows the effect of an 
increased excitation time at a fixed resonant excitation waveform amplitude on the 
production of the mass 31 fragment of acetone and the mass 41 fragment of isoprene. 
Effect of qz-value on dissociation efficiency 
Fig. C18: The outcome of the dissociation experiment is influenced by the stability 
parameter qz of the ion to be dissociated. According to Fig. C18 (derived from the 
dissociation of acetone), the largest part of the ions is not trapped after dissociation 
when the q-value is too low (closed squares). When the q-value increases, the amount of 
Experimental determination of optimal PIT-MS parameters 
177
ions stored after dissociation increases. The q-value cannot be increased too far, since 
the LMCO is increased and some of the dissociation products will not be stable. Fig. 
C18 also shows that the outcome of the experiment in terms of the ratio between the two 
products of acetone is not affected (open diamonds). The high value at qz = 0.2 is caused 
by the fact that the amount of stored ions is too low to give a reliable value for the ratio. 
The optimal value is found at qz = 0.325. 
Effect of Helium flow on dissociation 
Fig. C19: Via collisions with the Helium buffer gas, the kinetic energy of the ion is 
transferred into internal energy, thereby enabling dissociation. On the other hand, 
kinetic energy is scavenged and the dissociation process is slowed down. Fig. C19 
shows the dissociation threshold (the lowest waveform amplitude at which product ions 
are observed), for a fixed excitation time as a function of Helium flow into the trap. The 
threshold increases with Helium flow. Thus, dissociation becomes more difficult when 
the Helium pressure is increased. The ratio between the two fragments of acetone (mass 
41 and 31 amu), however, is not affected by the Helium flow. At 16% Helium flow, the 
dissociation threshold is too high, so the ratio is somewhat different. Fig C19 shows that 
the Helium pressure is not critical for the outcome of a CID experiment and that a value 
of 8 – 14 % can be used, in accordance to the values for optimal trapping efficiency. 
Effect of cooling time on dissociation  
In chapter 11, we showed that different E/N values in the drift tube produce different 
ratios of fragment ions. This effect was attributed to the difference in kinetic energy 
with which the ions enter the trap. This was shown by varying the time between 
isolation and dissociation (“cooling time”). The observed behavior corresponds to the 
behavior found in literature [4]. The optimal cooling time will depend on the helium 
pressure (since collisions with the helium buffer gas damp the internal energy) and the 
E/N-value in the drift tube and is probably compound specific. Therefore it will be best 
to keep the E/N value constant (including the voltage over the buffer chamber) as well 
as the isolation time and cooling time. 
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Effect of resonant ejection waveforms 
Fig. C20: The amplitude of the resonant ejection (kHz) waveform and the qz-vale at 
which the ions are excited determine how efficient the ejection is. Fig. C20 shows the 
effect of a resonant ejection waveform on the measured mass spectrum. The peak height 
and width improve considerably by applying resonant ejection waveforms  
Fig. C21: The amplitude of the resonant ejection (kHz) waveform and the qz-value at 
which the ions are excited determine how efficient the ejection is. The right panel of Fig 
C21 shows the measured ion intensity as a function of resonance ejection waveform 
amplitude. Essentially, there is a lower limit of the amplitude for which resonance 
ejection is effective. The optimal resonant ejection waveform amplitude is found to vary 
linearly with mass (A = intercept + mass*slope). Therefore, during a mass scan, the 
amplitude is ramped from low to high, along with the amplitude of the drive potential. 
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Effect of qz-value on resonant ejection 
Fig. C22: The resonant ejection qz-value influences the efficiency of the resonance 
ejection. Fig. C22 shows the effect of changing the qz-value on the ion intensity. 
Ejection is only efficient at qz > 0.6. The efficiency decreases again when the q-value is 
too close to the edge of the stability diagram, qz = 0.908, where ions are also ejected 
without resonant ejection. Apparently, some part of the ions is ejected too soon. Based 
on these measurements, the value used in most experiments is 0.89. 
Effect of space charge on ejection 
Fig. C23: Next to a decreased trapping efficiency, also decreased resolution and mass 
shift are caused by space charge. Fig C23 shows the latter effect; the resulting shift in 
mass is measured as a function of total number of ions stored in the trap. The mass shift 
starts to become important at ~2·108 n pA (normalized picoAmpere), which corresponds 
to the value at which the trapping efficiency is considerably influenced. 
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Effect of scan rate on ejection 
Fig. C24: This figure shows the effect of scan rate on the height and width of the peaks 
detected for the calibrated mixture. As can be seen, high scan rates (low amount of ms 
per amu) gives the highest ion intensities (left panel), but also gives a bad resolution 
(right panel). This could be caused by the fact that the detector is too slow. 
Sensitivity and detection limits 
Fig. C25: Calibration curves for 6 compounds in the calibrated mixture. 
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Table C1. Current detection limits of the PIT-MS system. 
Compound L.O.D.
(S/N = 2)
Acetaldehyde 8.1 ppbv 
Acetone 8.5 ppbv 
Isoprene 6.2 ppbv 
Benzene 3.5 ppbv 
Toluene 6.5 ppbv 
Styrene 10.5 ppbv 
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Summary
The measurement of small quantities of gases and volatiles in air is used 
nowadays in many different fields of science, such as chemistry, physics, biology, food 
science and medicine. The study of these minute quantities of gases requires highly 
sensitive detectors. Using such detectors to monitor the emission of molecules can 
provide useful insight into processes inside the emitter. However, the sources, amounts 
and types of volatile organic compounds can vary greatly. This thesis is about the 
development and application of trace gas detectors based on mass spectrometers. To be 
more specific, chemical reactions of trace gas molecules with H3O+ ions are studied. 
This experimental technique is called Proton-Transfer Reaction Mass Spectrometry 
(PTR-MS) which is used in this thesis to study several different biological and medical 
processes. Additionally, the development of a new PTR-MS instrument, equipped with 
a quadrupole ion trap instead of a quadrupole mass filter, is described.  
The first chapter gives an introduction into trace gas detection in general and 
describes the different trace gas detection techniques used. It includes a brief history of 
breath analysis, since three chapters in this thesis are about the analysis of breath for 
medical diagnostic purposes. The measurement of volatile compounds in the breath of 
patients is regarded as a promising tool in medical diagnostics. The ancient Greeks 
already discovered that the smell of a patient’s breath could indicate disease. For 
instance, the fruity odor of acetone indicates uncontrolled diabetes. In the 1700s 
Lavoisier was the first to study the breath of human being, and started the replacement 
of the human nose. In the 1970s Gas-Chromatograph Mass Spectrometry (GC-MS) 
provided a huge improvement of the chemical analyses of the human breath. In the 
1990s, the PTR-MS was devised, which was the first apparatus that could provide 
simultaneous and sensitive measurement of many different compounds with high time 
resolution. The sensitive preconcentration/GC-MS combinations and the PTR-MS 
technique together have reinitiated research on breath analysis as a diagnostic tool. 
Chapter 1 is followed  by an introduction into the ion chemistry of the PTR-MS and a 
detailed description of the working principles of the two different types of mass 
spectrometers used in this thesis. 
Chapter 3 deals with the measurements of volatile organic compounds 
(VOCs) of figs and dates in different stages of ripening.  Frugivorous bats locate and 
select the fruits they eat on the basis of smell, but the odor cues they use for this are 
unknown. The hypothesis that they use volatile substances that increase during the 
course of ripening is tested in this study. We find acetic acid, ethanol, methanol and 
acetaldehyde to vary with stage of ripening. From feeder experiments, no attrackting or 
deterring effects are found for methanol. For ethanol, however, relatively high 
concentrations (as in overripe fruits) are found to deter bats from overripe fruits. 
Ethanol can therefore possibly be an odor cue. 
The VOC emissions of the model-plant Arabidopsis thaliana are measured in 
real time in chapter 4. The response of Arabidopsis “hairy root cultures” to different 
types of stress was followed in time with PTR-MS and VOCs emitted by the roots were 
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analyzed using a Gas-Chromatograph Mass Spectrometer (GC-MS). We found that the 
roots respond to stress in a specific way that differs for different types of stress. In all 
compatible interactions, we found 1,8-cineole to be released very rapidly after 
application of the stress. This compound was not found to be emitted by this plant 
before. Additionally, we found that the roots of A. thaliana could not respond to 
wounding in the same way as above-ground plant parts do. The roots did not emit the 
so-called wound compounds, C6 alcohols and aldehydes, not by physical wounding, nor 
by attack by insects.  
A very important field of research in trace gas analysis is medicine. In such 
research it is all about finding markers for a certain changed physiological state, in 
breath, from body fluid or from the skin. The in vivo monitoring of products of lipid 
peroxidation caused by UV-light irradiation of the skin is discussed in chapter 5. 
Ethylene was measured with photoacoustic spectroscopy, while using PTR-MS we 
measured several other compounds emitted from the skin. These compounds have not 
been measured before as a result of UV-induced lipid peroxidation in human skin in
vivo. With a combination of gas chromatographic preseparation with the PTR-MS 
method we were able to identify acetaldehyde and propanal as two new markers of 
lipid peroxidation. Furthermore, this chapter describes some essential adaptations to the 
PTR-MS system. A source drift region was added to enhance the purity of the primary 
ions and the buffer chamber between the drift tube and the quadrupole chamber was 
optimized. A lower pressure was achieved while simultaneously reducing the path 
length through the chamber from 7 to 3.5 cm. 
In chapter 6 and 7 we report on the design and testing of a special breath 
sampling device for offline collection of single-breath samples in a representative, 
reproducible way. In this system, the breath of a subject is collected into a 1 liter Tedlar 
bag, for which chapter 6 presents a test of the suitability of such bags for breath 
storage. When breath is collected, the first part of the breath is being discarded, since 
this comes from the conducting airways, where less, or other, compounds enter the 
breath. Second, the pressure in the device builds up to close off the nasal cavity to 
circumvent mixing of nasal air. Third, the exhalation flow is controlled to ensure a 
constant, repeatable contact time of the air with the lungs. Afterwards, the contents are 
analysed by our PTR-MS instrument. This system is validated in chapter 7 and is 
shown to produce highly reproducible results.  
In chapter 8 this setup is used for a large scale screening trial to diagnose 
lung emphysema from the breath of patients with a highly increased risk to develop this 
disease. The outcome of the VOC test is linked to the result of a high resolution 
computed tomography scan (HR-CT scan) via statistical analysis. The strength of the 
VOC test can be expressed as the area under the receiver operator characteristic curve 
(ROC curve), which for mild emphysema and severe emphysema had a value of 0.6 
and 0.74, respectively. These results are comparable to the results of the pulmonary 
function tests, which form the method nowadays used regularly in clinical practice. 
These are very promising results for the development of future breath analyzers to 
diagnose lung emphysema. 
Tuberculosis is a disease with millions of patients around the world, 
especially in developing countries, which manifests itself in the lungs/airways. 
Therefore it is a very suitable candidate to be investigated using breath analysis. In 
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chapter 9, we make a first step by studying the headspace of M. tuberculosis, M. 
kansasii and M. avium cultures in vitro. From the headspace of these cultures, we tried 
to identify compounds that could distinguish M. tuberculosis from the other 
mycobacteria and/or markers that indicate the presence or absence of mycobacteria, 
regardless of the medium in which the cultures are grown. Masses that indicate the 
presence of mycobacteria could possibly be markers for a mycobacterial infection in 
human breath. Three candidate masses were found. Mass 33 most likely represents 
methanol, while masses 87 and 107 could indicate 3-methyl butanal and ethyl benzene, 
respectively, based on literature. 
All the measurements in chapters 3 through 9 are performed with a 
“conventional” PTR-MS instrument, equipped with a quadrupole mass spectrometer 
(mass filter). The disadvantage of such a quadrupole mass spectrometer is that such a 
mass filter cannot positively identify compounds, since it only determines the mass-to-
charge ratio of the ions. To overcome this disability, the use of a quadrupole ion trap 
mass spectrometer has been proposed. Chapter 10 describes the development of such a 
new system, starting from a commercially available instrument, the Finnigan PolarisQ. 
A complete new system was designed around the electrodes, electronics and the 
software of this commercial instrument. Chapter 10 explores the performance of this 
newly developed system, the Proton-transfer Ion Trap Mass Spectrometer (PIT-MS), 
and its advantages over the conventional PTR-MS. In a comparison of the PTR-MS 
with the PIT-MS, measuring the headspace of an Elstar apple under (post-) anoxic 
conditons, we found that the newly developed system works as aimed for. We were 
able to show that the dynamic behavior of the concentration of various compounds can 
be followed nicely in time and that the concentrations of acetaldehyde, as determined 
by both systems, closely agree. The major advantage, the ability to perform collision 
induced dissociation (CID), is shown to be a promising and powerful tool to identify 
unknown compounds.  
In chapter 11, the advantage of CID is further explored. The CID patterns of 
10 monoterpenes are investigated. We show that CID can even be used to identify 
molecules as complex as monoterpenes, for which many different isomers exist. 
Additionally, we identify the influence of several parameters to the outcome of the CID 
experiments. We show that the internal energy of the ions directly influences the 
relative amounts in which the fragments are formed and that a constant cooling time 
between isolation and excitation (fragmentation) is of critical importance for a 
repeatable outcome. 
 Appendix A gives a derivation of the law of mass action, which is an 
expression for the reaction equilibrium of a proton-transfer reaction in terms of 
concentrations and thermodynamic potential values. From this law, the proton affinity 
of a compound can be derived. Appendix B lists the proton affinity and/or the reaction 
rate constant with H3O+ for 236 compounds. Appendix C is a summary of 
characterization and optimization experiments for the PIT-MS instrument. It identifies 
most of the parameters that are to be optimized for optimal performance of the system. 
For every parameter, the influence on the detected ion signal is evaluated. 
Sporengasdetectie als gereedschap voor een 
nieuwsgierige wetenschapper 
Samenvatting
Fysiologische processen in levende wezens (mensen, planten, bacteriën, etc) 
zijn op verschillende manieren te bestuderen. Bij de meeste van die methodes betekent 
dit, dat het te bestuderen wezen binnengedrongen, opengesneden, of in het uiterste 
geval gedood moet worden. Echter, hoe minder invasief de gebruikte methode, hoe 
natuurgetrouwer de verkregen informatie is. Door de samenstelling van de lucht 
rondom bijvoorbeeld een plant te meten, kan bestudeerd worden wat er binnenin die 
plant gebeurt zonder dat de plant in zijn ontwikkeling verstoord wordt. Op dezelfde 
manier kan de adem van een zieke patiënt interessante informatie bevatten over welke 
ziekte de persoon heeft. Zulke nieuwe diagnostische testen kunnen het ongerief voor de 
patiënt minimaliseren. Aangezien de uitgeademde lucht van een patiënt vrij 
toegankelijk is, zonder hem veel last te bezorgen, is ademanalyse een ideale kandidaat.  
De afgelopen 4 jaar heb ik me gericht op het ontwikkelen van apparatuur en 
methodes waarmee het mogelijk is die lucht rondom een plant of mens te bestuderen en 
om deze methodes toe te passen op medisch diagnostisch onderzoek. Door middel van 
een dergelijke methode hopen we ziektes in een vroeg stadium te ontdekken. Door de 
adem van mensen met een verhoogd risico op de “rokersziekte” longemphyseem te 
analyseren, hebben we laten zien dat het mogelijk is te voorspellen of iemand deze 
ziekte heeft, door de inhoud van slechts één ademteug te bestuderen. De door ons 
gebruikte methode is op dit moment net zo betrouwbaar als de meer traditionele 
longfunctietesten, die nu routinematig in ziekenhuizen gebruikt worden. Met de 
ervaringen die in deze studie zijn opgedaan kan onze methode geverifieerd en verder 
verbeterd worden, zodat deze hopelijk in de toekomst in de dagelijkse praktijk 
toegepast kan worden. De ontwikkelde methode om adem te verzamelen en analyseren 
is ook veelbelovend voor het opsporen van andere ziektes. In de ideale situatie is het in 
de toekomst mogelijk een ademtester bij de huisarts te hebben die aan de hand van de 
uitgeademde lucht kan voorspellen wat de zieke onder de leden heeft. Hier wordt 
uitgelegd welke sporengasdetectiemethoden in dit proefschrift ontwikkeld en gebruikt 
zijn en worden een aantal voorbeelden uit dit proefschrift uitgelegd.  
Inleiding
De lucht in onze atmosfeer bestaat voor het grootste gedeelte uit stikstof 
(78%) en zuurstof (21%). Verder bevat lucht ook behoorlijke hoeveelheden aan gassen 
als argon, CO2, neon, helium, CH4, NO, H2 en water. Daarnaast zitten er ook nog 
zogenaamde sporengassen in lucht. Dit zijn gassen die in heel lage hoeveelheden 
(concentraties) aanwezig zijn. Hoeveel van welke sporengassen aanwezig zijn, kan 
sterk van tijd tot tijd en van plaats tot plaats variëren, bijvoorbeeld als gevolg van 
vervuiling door fabrieken en auto’s, of, op een kleinere schaal, door sigarettenrook en 
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uitstoot door planten, dieren en mensen. Een paar voorbeelden zijn de CFK’s 
(chloorfluorkoolwaterstoffen, die tot de 90-er jaren van de vorige eeuw gebruikt 
werden in koelkasten en spuitbussen) die de ozonlaag aantasten en de aceton in de 
adem van iemand die zojuist heel hard en lang gesport heeft. 
Het meten van de aard en hoeveelheid van verschillende stoffen in lucht, kan 
informatie verschaffen over de bron van die stoffen. Klimaatdeskundigen willen 
bijvoorbeeld weten hoeveel van welke stoffen er in de lucht aanwezig is om 
voorspellingen te doen over het gat in de ozonlaag of het broeikaseffect. 
Fabriekseigenaren willen bijvoorbeeld weten of hun werknemers nog veilig kunnen 
werken, terwijl biologen graag willen weten hoe een plant reageert als die opgegeten 
wordt door rupsen, of waarom een bepaald dier een bepaalde vrucht eet. En medici 
willen aan de hand van de samenstelling van de adem van een mens beoordelen of een 
patient gezond is. De wetenschap die zich bezig houdt met het opsporen en meten van 
deze kleine hoeveelheden gassen voor al deze toepassingen heet sporengasdetectie.
Doordat er zoveel verschillende mogelijke bronnen van sporengassen zijn, en 
er heel veel verschillende (soorten) stoffen uitgestoten kunnen worden, zijn er in de 
loop der jaren vele verschillende methodes ontwikkeld om ze te meten. In dit 
proefschrift is een heel specifieke methode ontwikkeld en toegepast, genaamd proton-
overdrachts-reactie massa spectrometrie (Proton-Transfer Reaction Mass Spectrometry, 
afgekort PTR-MS). Met behulp van PTR-MS is het mogelijk kleine hoeveelheden van 
verschillende gassen tegelijkertijd, tijdsopgelost te meten. In het vervolg van deze 
samenvatting worden een aantal van de studies uit dit proefschrift beschreven. 
Fig.S1. Schematische weergave van de PTR-MS techniek. In een massaspectrometer wordt de 
massa van verschillende ”stoffen” bepaald (“gewogen”). Dat kan alleen als de deeltjes 
“geladen” zijn. Door middel van elektrische velden kun je daarna precies controleren wat er 
met een dergelijk geladen deeltje gebeurt. De manier waarop die geladen deeltjes geproduceerd 
worden is heel belangrijk voor de methode. Allereerst worden watermoleculen in waterdamp in 
de “bron” kapot geschoten en wordt er H3O+, een watermolecuul met een extra lading 
(H+)gevormd. Als dit in de “drift cel” botst met een molecuul van een gas dat we kunnen meten, 
wordt de lading overgedragen. Vervolgens wordt met behulp van de massaspectrometer het 
aantal deeltjes met een bepaalde massa geteld. Door de doorgelaten massa te veranderen wordt 
een massaspectrum verkregen. Het gebruik van water om primaire ionen te maken, zorgt ervoor 
dat er heel veel stoffen zijn die die lading over kunnen nemen van het waterdeeltje en dat stoffen 
zoals stikstof, zuurstof, CO en CO2 die lading juist niet gemeten kunnen worden. Dat betekent 
dat veel stoffen zeer gevoelig gemeten kunnen worden, terwijl er geen last ondervonden wordt 
van de meest voorkomende stoffen in de lucht. 
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Plantwortels reageren op stress 
Door planten in een grote glazen pot te stoppen, kan de lucht om de plant 
goed bestudeerd worden. Uit verschillende onderzoeken aan de lucht om planten blijkt 
dat ze kunnen reageren op stresssituaties, zoals overstroming of een aanval door 
insecten. Daarbij kunnen planten allerlei verschillende strategieën toepassen. Sommige 
planten maken stoffen die zorgen dat ze niet meer lekker zijn om te eten, terwijl andere 
planten verder gaan en ook hun soortgenoten waarschuwen. Weer andere reageren door 
stoffen uit te zenden die een lokroep zijn voor dieren die, bijvoorbeeld, de knabbelende 
rups opeten. 
Van allerlei planten is intussen bekend hoe ze reageren op een aanval. Hierbij 
is echter altijd gekeken naar wat er boven de grond gebeurt. Van de wortels van planten 
was tot voor kort nog niet bekend wat hun “gasvormige” reactie is. Wij hebben voor 
het eerst een systeem van plantwortels bestudeerd, om te bekijken hoe de wortels van 
planten reageren op zulke “biotische stress”. Daarvoor worden wortels van de 
modelplant Arabidopsis thaliana (“zandraket”) gegroeid in een vloeistof in een glazen 
fles. De lucht boven de wortels kan op die manier goed worden bestudeerd, zonder dat 
de stengel en de bladeren de meting verstoren. 
In figuur S2 is te zien hoe de plantwortels reageren op een infectie met een 
bacterie (op tijdstip t = 0). We kunnen zien dat de wortels op verschillende tijdsschalen 
een aantal verschillende stoffen produceren. De belangrijkste ontdekking van deze 
metingen is de emissie van de stof 1,8-cineole, welke door de wortels afgegeven wordt, 
onafhankelijk van de soort stress. Deze stof was nog nooit gemeten in de lucht rondom 
deze plant en we denken dat deze stof een belangrijke rol speelt in interactie tussen de 
plant en zijn omgeving. De tweede belangrijke bevinding is dat blijkt dat wortels heel 
anders reageren op een aanval van een bacterie dan van een schimmel of een insect. De 
reactie is specifiek voor het soort aanval. Dit is de eerste studie waarin de specifieke 
patronen van plantwortels nauwkeurig tegen de tijd gemeten zijn. 
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Fig. S2. Het gedrag van een aantal stoffen als gevolg van een aanval door de bacterie 
Pseudomonas syringae.
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Metingen aan mensen 
De oude Grieken wisten al dat je adem de staat van je lichaam kan verraden. 
Zij konden bijvoorbeeld al aan de fruitige geur van aceton ruiken of iemand diabetes 
had. Aceton komt in een dergelijk geval in grote hoeveelheden voor. In het menselijke 
lichaam vinden namelijk allerlei fysiologische processen plaats waarbij gassen 
verbruikt en geproduceerd worden. Het bekendste voorbeeld hiervan is verbranding, 
waarbij zuurstof wordt gebruikt en CO2 geproduceerd wordt. Dat betekent dat de 
concentratie zuurstof in je lichaam lager is dan in de buitenlucht, en de concentratie 
CO2 juist hoger. Diep in je longen vindt uitwisseling plaats van zuurstof (van adem 
naar bloed) en CO2 (van bloed naar adem). Naast zuurstof en CO2, worden op dezelfde 
manier nog veel meer stoffen uitgewisseld. De meeste van deze stoffen komen slechts 
voor in heel lage concentraties. Als een persoon ziek is, zullen bepaalde processen in 
zijn/haar lichaam anders verlopen. Omdat hierbij andere gassen vrijkomen, die 
vervolgens in het bloed en de adem terecht komen, zou je aan de adem kunnen zien of 
iemand  ziek is. Tegenwoordig weten we dat een gemiddelde ademteug meer dan 400 
verschillende stoffen bevat. Uit onderzoek blijkt dat binnen deze bonte verzameling 
uitgeademde gassen, individuele stoffen of groepjes van stoffen een indicatie kunnen 
vormen voor hoe gezond het lichaam is.  
Meten van de schade die zonlicht aan je huid aanricht 
Als de huid beschenen wordt met UV-licht, vinden er een aantal 
verschillende processen plaats. Onder andere wordt er onder invloed van zonlicht 
vitamine D aangemaakt. Het bekendste effect van zonlicht is echter het verbranden van 
je huid. Van veel en lang zonnen, kun je zelfs huidkanker krijgen. Een belangrijk deel 
van de schade die zonlicht aan de huid aanricht, wordt veroorzaakt door vrije radicalen. 
Dit zijn zeer reactieve stoffen die aangemaakt worden door het UV-licht van de zon (of 
zonnebank) en die reageren met de vetzuren in de celwanden in je huid. Bij deze 
reacties wordt een aantal afvalproducten gevormd, welke dan via je bloed in je adem 
terecht kunnen komen, maar die ook via de huid naar buiten kunnen komen. Hoe meer 
schade er aan de huid wordt aangericht, hoe meer van deze gassen gevormd worden. 
Deze gassen vormen dus een signaal dat aangeeft hoe groot de schade aan je huid is.  
In onze metingen worden deze gassen opgevangen in een klein glaasje, dat 
tegen de huid aangezogen zit (fig S3). Door het glaasje wordt continu een kleine 
hoeveelheid van de lucht uit het reservoir gepompt, die vervolgens geanalyseerd wordt.  
Fig. S3 Schematische weergave van de meetopstelling voor het meten van huidschade of de bil 
door UV-licht. 
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Deze methode blijkt goed genoeg om een aantal stoffen van de huid waar te 
nemen als gevolg van UV-straling. Zo konden ethyleen, acetaldehyde en propanal 
geïdentificeerd worden. Door de hoge snelheid en gevoeligheid is deze methode bij 
uitstek geschikt om verschillende processen in de huid te bestuderen. Zo is het 
interessant om de golflengte afhankelijkheid (UV-A tegenover UV-B) op de 
huidschade te bekijken. Daarnaast kan de werking van zonnebrandcrème getest worden 
en is het mogelijk de behandeling van de huidziekte psoriasis op de voet te volgen.
Ademanalyse bij mensen 
De afgelopen decennia is al veel onderzoek gedaan naar het herkennen van 
ziektes in adem. Een van de grote problemen hierbij was dat iedereen zijn eigen 
oplossing bedacht voor hoe die adem nu het beste te meten is. Daardoor is het moeilijk 
resultaten onderling te vergelijken. Wij hebben een ademmonsternamesysteem 
ontwikkeld dat alle “problemen” ondervangt die door de jaren heen tegen het lijf 
gelopen zijn. Het doel van dit systeem is om op een reproduceerbare manier de lucht 
van onderuit de longen op te vangen zonder last te hebben van verdunning of 
verontreiniging van lucht uit andere delen van de luchtwegen. 
Fig. S4. Schematische weergave van het ademmonsternamesysteem. 
Van twee personen zijn binnen 5 minuten 5 verschillende ademmonsters 
genomen. Figuur S5 laat de concentraties van 3 verschillende stoffen in de adem van 
deze twee proefpersonen zien. De gemeten hoeveelheden komen overeen binnen 15% 
van de gemiddelde waarde. 
Met behulp van dit systeem hebben we de adem geanalyseerd van enkele 
honderden mensen met een verhoogde kans op longemfyseem, een ziekte die onder 
andere veroorzaakt wordt door roken. Hiervoor ondergingen proefpersonen een CT 
(Computed Tomography) scan van de longen en een serie longfunctietests. Daarnaast 
werd een ademmonster afgenomen. wat met de massaspectrometer geanalyseerd werd. 
Door middel van een uitgebreide statistische analyse hebben we een aantal potentiële 
markeerstoffen gevonden aan de hand waarvan we kunnen voorspellen of iemand 
longemfyseem heeft of juist niet. De combinatie van 9 massa’s geeft met een zekere 
mate van waarschijnlijkheid aan of iemand longemfyseem heeft. De kracht van deze 
test is vergelijkbaar met de longfunctietest, die nu in de praktijk gebruikt wordt voor de 
eerste diagnose. Met de ervaringen die in deze studie zijn opgedaan kan de methode 
geverifieerd en verder verbeterd worden, zodat deze in de toekomst in de dagelijkse 
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praktijk toegepast kan worden. De ontwikkelde methode om adem te verzamelen en 
analyseren is ook veelbelovend voor het opsporen van andere ziektes. In het ideale 
toekomstscenario staat er een ademtester bij de huisarts die aan de hand van de 
uitgeademde lucht kan voorspellen wat de zieke onder de leden heeft. 
Fig. S5. Reproduceerbaarheid van de ademmonsternamemethode. 
Apparaatontwikkeling: identificatie van gemeten stoffen 
Het PTR-MS systeem dat gebruikt is in de hierboven beschreven studies 
heeft 1 nadeel: de gebruikte massaspectrometer kan alleen bepalen welke massa een 
deeltje heeft, maar geeft geen verdere informatie over de identiteit van het gemeten 
deeltje. Helaas bestaan er meestal meerdere stoffen met dezelfde massa. Naarmate de 
massa van het deeltje groter wordt zijn er meer kandidaten waardoor het vaak onzeker 
is welke stof nu precies gemeten wordt. Het kan zelfs onzeker zijn of het gemeten 
signaal afkomstig is van één of van meerdere stoffen. In veel gevallen levert de 
identiteit van het gemeten deeltje (veel) extra informatie op. Daarom is het interessant 
om apparatuur te ontwikkelen met dezelfde eigenschappen als de PTR-MS, maar dan 
met de extra mogelijkheid om deeltjes te identificeren.  
In dit proefschrift worden de ontwikkeling en de validatie van een nieuw 
systeem beschreven. Dit nieuwe systeem maakt gebruik van een ander type 
massaspectrometer. Deze “ionenval” kan geladen deeltjes opvangen. Door de speciale 
vorm en aansturing van de massaspectrometer is het mogelijk te bepalen op welk 
moment deeltjes met welke massa uit deze val losgelaten worden. Dit systeem heet 
proton-overdrachtsreactie ionenval massa spectrometer (Proton-transfer reaction Ion 
Trap Mass Spectrometer, PIT-MS). 
Wat deze ionenval zo interessant maakt, is dat het hiermee ook mogelijk is 
om deeltjes van één of meer vooraf gekozen massa’s te bewaren en de rest er wel uit te 
gooien. Op het moment dat er ionen met één bepaalde massa geïsoleerd zijn, is het 
mogelijk deze ionen via botsingen met helium in stukken uiteen te laten breken, om 
vervolgens te meten hoeveel van welke fragmenten gevormd zijn. De kracht waarmee 
de ionen op het helium botsen is nauwkeurig te controleren. Hoe krachtiger de 
botsingen, hoe meer er van de fragmenten gevormd wordt. Aan het voor iedere stof 
unieke fragmentatiepatroon dat zo ontstaat, kan een stof herkend worden.  
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De werking van dit systeem is vergeleken met de bestaande 
massaspectrometer, door te meten aan gassen die door een appel worden uitgestoten 
onder invloed van verlaagde zuurstofconcentraties. Dit is van belang voor bijvoorbeeld 
de bewaring van fruit in koelcellen. In figuur S6 is te zien hoe de hoeveelheden van 4 
verschillende massa’s veranderen als gevolg van de behandeling van de appel. In alle 
grafieken zijn de metingen van beide systemen afgebeeld en is het duidelijk dat beide 
systemen dezelfde signaal-tijd curve meten.  
Fig. S6. Tijdsmetingen aan de gassen in de lucht boven een appel als gevolg van 
zuurstofloze omstandigheden en de herintroductie van zuurstof. 
Het kunnen maken van deze fragmentatiepatronen is uniek voor deze nieuw 
ontwikkelde PIT-MS; dit was met de “conventionele” PTR-MS niet mogelijk. Hierdoor 
kan een stof aan de hand van het fragmentatiepatroon toch geidentificeerd worden. 
Conclusie
De ontwikkeling van deze nieuwe PIT-MS en het gebruik van de PTR-MS 
maken het mogelijk de gasemissies van vele verschillende systemen, industrieel, 
biologisch of medisch, in detail te bestuderen. Samen met de ontwikkelde 
ademmonsternamemethode is daarmee ook de weg geopend naar belangrijk, interessant 
en uitdagend onderzoek om verschillende ziektes in adem van mensen op te sporen. 
Apparaten als deze massaspectrometers, en misschien in een later stadium kleinere, 
eenvoudigere en meer gerichte apparatuur, zullen het in de toekomst mogelijk maken 
om op een eenvoudige manier een vroege diagnose voor allerlei ziektes te stellen, aan 
de hand van de samenstelling van de adem, op een manier die de patiënt minimaal 
belast.
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